ASC:  86-2189  Cleared  2  Nov  90 


22-1 


DESIGN  CONSIDERATIONS 
for 

VLRTUAL  panoramic  display  (vpd)  helmei  systems 

*7 

Dean  P*  Kocian 

AAMRL/HEA>  Visual  display  Systems  Branch 
Wr i-glil— Pat tar non  ATB,  Ohio  45433-6573 
USA 


summary 

This  paper  describes  some  of  the  fundamental  performance  and  design  parameters  that,  should  be 
considered  for  the  successful  evolution  and  integration  of  a  new  typo  of  helmet  mounted  display  (HMD) 
system  intended  foT  use  is  military  aircraft  cockpits/sinulators .  It  is  called  a  virtual  panoramic 
display  (VPD).  The  parameters  discussed  include  field-of-viev  (FOV),  exit  pupil,  inage  quality,  eye 
relief,  collioation,  alignment,  blz  e,  weight.,  system  integration  issues,  and  several  others.  For  the 
first  time  the  associated  helmet  system  la  considered  as  an  integral  subsystem  that  must  be  designed  to 
support  the  requirements  of  the  HMD.  Trsde— offs  relating  to  the  intended  VPD  applications  (i.e., 
cockpit  aimulatora/rotary  wing  aircraft),  HMD  design  and  its  impact  on  the  associated  image  source  sod 
display  electronics  are  discussed.  Design  Issues  ai>J  cons ido rations  are  developed  primarily  from  the 
viewpoint  of  Che  VPD  system  integrator. 

INTRODUCTION 

A  virtual  panoramic  display  (VPD)  is  a  subset  of  helmet-mounted  display  systems  (systems  being  a 
key  word)  that  provides  the  pilot  or  operator  with  a  large  instantaneous  field-of-vtew,  whose  displayed 
information  hoc  boon  organized  both  temporally  and  spatially  to  maximize  the  effectiveness  of  the 
man/eachine  interface  and,  therefore,  maximize  operational/ situation  awareness  [03],  The  VPD  system 
concept  seeks  Co  optimise  its  electronic  interfaces  with  the  aircraft  or  simulator  system  and  the 
human's  cognitive  and  sensory  systens.  The  concept  becomes  an  application-specific  design  problem 
involving  not  only  the  VPl>  hardware  itself,  but  the  design  and  operational  specifications  of  3ll  other 
hardware  subsystems  with  which  it  oust  be  interfaced.  In  this  paper,  discussion  will  include  only  the 
VPD  visual  subsystem  hardware  whose  major  components  arc  outlined  by  the  heavy  dotted  Line  in  Figure  i. 
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FIGURE  I 

GENERIC  VPD  SYSTEM  HARDWARE  BLOCK  DIAGRAM 

The  VPD  visual  subsystem  includes  a  binocular  display  whose  visual  fields  are  either  fully  or 
partially  overlapped,  permitting,  if  desired,  the  presentation  of  stereoscopic  images.  The  binocular 
optics  are  driven  by  miniature  cathode-ray- tubes  (CRTs)  of  an  advanced  design.  The  optica  and  CRTs  are 
integrated  into  a  custoa  he 1 nut  system.  The  CRTs  ire  interfaced  to  specially  designed  analog  helmet- 
mounted  display  electronics  which  "tailor"  the  displayed  information  to  the  requirements  of  both  the 
optical  and  CRT  design.  Thu  analog  display  electronics  accepts  inputs  freo  both  external  system 
aeneors  and  computer-generated  graphics  systens,  as  uelL  as  4  VPD  graphics  processor  that  supplies 
application  specific,  customized,  interactive  symbology  and  graphics.  The  VPD  graphics  processor  way  or 
may  not  be  present  in  a  given  VPD  system  configuration.  Because  Che  graphics  processor's  impact  on  the 
helmet  system  components  is  minimal,  its  functions  will  not  ba  discussed  further. 

As  shown  in  Figure  2,  the  heed  mounted  CRTs  must  image  their  visual  information  through  a  set  of 
relay  optics,  which  may  use  fiber  optics  and/or  conventional  refractive  elements /prisms/oirrors.  A 
combiner  or  combtner/beamsplitter  arrangement  that  may  or  may  not  be  part  of  the  helmet  visor,  reflects 
light  from  the  CRT  and  transmits  the  outside  scans.  Tim  CRTs  and  optics  arc  part  of  an  integrated 
helmet  system  (IH$)  that  miijcimizes  optical  systea  s tability/functioaslity  on  the  head,  minimizes 
modifications  to  the  heimet/head  weight  end  cents r-of-gravity  (CG),  and  ptotects  the  wearer  froo 
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hostile  ambient  environments.  To  accomplish  these  functions,  the  IBS  design  oust  use  advanced 
materials  and  structures,  and  optimise  adjustment  and  alignment  hardware  and  carphone/oicrophone/ 
oxygen  mask  components. 
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figure  2 

VPD  READ /VISUAL  SYSTEM  RELATIONSHIPS 

This  paper  lb  concerned  primarily  with  ainuLator  and  rotary  wing  aircraft  applications,  and 
therefore,  the  breadth  of  discussion  is  somewhat  specialised,  although  much  can  he  inferred  concerning 
tha  design  of  such  systems  for  othar  types  of  siroreft.  Before  ditcuscing  design  coasideretione ,  it  is 
worth  noting  why  a  binocular  head  mounted  display  system  was  selected,  instead  of  a  cockpit  Mounted 
system,  where  weight /sire  limitations  arc  not  nearly  as  severe.  As  Figure  3  shows,  there  are  a  nunber 
of  design  alternatives  for  a  wide  FOV  cockpit  display  system.  A  major  goal  of  the  VPD  was  to  maximize 
situation  awareness  regardless  of  the  operator's  line-of-sight  (LOS).  This  can  be  accomplished  either 
with  a  reduced  instantaneous  POV  display  that  is  head  mounted  and  updated  rapidly,  based  upon  head 
orientation  and  position,  or  with  an  extremely  large  inatantaneous  FOV  display  that  is  cockpit-mounted. 


VPD  SYSTEM 


FIGURE  3 

VPD  DESIGN  ALTERNATIVES 

The  choice  between  these  major  design  alternatives  was  limited  by  a  number  of  performance  and 
technology  issues.  During  the  early  design  stages  of  the  VPD  program,  it  was  decided  that  stereoscopic 
cues  (using  visual  disparity  between  the  two  eye a)  might  aid  the  operator  in  ordering  the  relative 
importance  of  critical  display  information.  From  either  a  cost  or  performance  viewpoint,  current 
technology  does  not  permit  construction  of  either  a  cockpit-mounted  or  a  combination  cockpit/head 
mounted  system  providing  the  above  features,  therefore  these  were  eliminated  from  consideration* 
Further,  n  wide  FOV  bead-mounted  display  system  utilising  a  remote  i«,igc  source,  coupled  Co  the  head, 
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tiding  either  refractive  or  fiber  optic  image  conduit* ,  suffer*  from  ,i  number  of  severe  design  problems, 
including  reduced  diaplay  reaolution/contrast .  the  possibility  of  excessively  rigid  and  heavy  optical 
conduits  between  the  head  and  cockpit,  and  stray  light.  Therefore,  a  display  configuration  including 
heed  mounted  optica  and  image  sources  ia  the  only  alternative  considered  here.  The  reader  should  also 
note  that,  for  the  remainder  of  this  paper,  the  term  helmet  mounted  diaplay  (HMD)  viLl  he  used 
interchangeably  with  Wn  when  referring  to  tha  holtsat  mounted  components. 

7PD  DSSIGU  CONS LDK NATIONS 

OPTICS 

Textbooks  and  engineering  handbooks  list  many  design  parameters  and  attempt  to  specify  and 
organize  design  parameters  associated  with  optical  systems,  including  helmet  mounted  displays  (HMDs). 
Table  1  depicts  a  representative  list  of  parameters  and  generalised  numerical  £ i$urea-oC-merLt  (FOM) 
for  each  parameter.  However,  HMD  design  is  tightly  coupled  to  the  intended  application,  and  tha  us*  of 
a  generalised  table  of  parameter  values  or  generalized  design  approach  will  not  usually  lead  to 
satisfactory  results.  The  relevant  technical  literature  also  provides  scant  help,  and  there  are  many 
large  gaps  In  applied  research  chat,  if  available,  might  provide  for  better  organisation  of  Che  design 
approach.  Ona  must,  than,  gather  as  much  information  as  possible  about  the  intended  application  and 
system  interfaces,  and  hope  that  the  available  technology  will  support  the  development  of  an  adequate 
design. 

TABLE  l 

HMD  OPTICAL  SYSTEM  DESIGN  PARAMETERS 


QUANTITY 

F1ELDOFVIEW  (INSTANTANEOUS)  70* 
PUPIL  SIZE 
HELMET  MOUNTED 
EYE  RELIEF 
HELMET  MOUNTED 
FOCAL  LENGTH 
f-NUMBER 

CONTRAST  RATIO  (APPARENT) 

DISTORTION 
ASTIGMATISM 
CHROMATIC  ABERRATION 
COLOR 

CONVERGENCE 
DIVERGENCE 
DIPV6RGENCE 
DISPLAY  REFRESH 


TYPICAL  RANGE 

TOLERANCE 

3  120"  HOR  x  30"  TO  60°  VER 

NA 

10  TO  23  MM 

±1 

35  TO  45  MM 

±3 

10  TO  30  MM 

NA 

0.7  TO  2.0 

±.2 

0.2  TO  0.80 

±0.1 

0.2  TO  5% 

±1 

0.1  TO  1  DIOPTER 

±.1 

1  TO  6  ARC  MIN 

±1 

B/W  TO  FULL  COLOR 

NA 

1  TO  30  ARC  MIN 

±  1 

1  TO  3  ARC  MIN 

±  1 

1  TO  15  ARC  MIN 

±3 

60  TO  240  FIELDS! SEC 

NA 

To  proceed  with  the  necessary  system  analysis,  which  organizes  the  relationship  of  the  available 
technology  to  the  requirement*  of  a  specific  application,  one  must  arrange  the  parameters  listed  ia 
Tabic  1  in  order  of  importance.  Due  to  the  lack  of  definitive  guidelines,  this  ordering  ia  often  based 
upon  experience  with  current  similar  systems,  However,  the  choices  are  complex,  because  of  Che  various 
possibilities  of  constraining  the  types  of  displayed  information  for  a  given  set  of  environmental 
conditions,  and  than  mixing/matching  display  components  to  support  those  constraints.  An  example  of 
such  s  scenario,  of  which  there  are  many,  is  as  follows: 

a)  Require  chat,  during  the  high  ambient  luminance  of.  daylight  VPl>  operation,  the  diaplay  be 
liwitad  to  portraying  vector  graphic  strofcu  information.  It  can  he  refreshed  at  highor  rates  end  at 
wider  line  widths  than  raster  information,  to  obtain  maximum  luminance  contrast.  This  stroke-writ tan 
intonation  is  then  over l Ay ed  on  the  ambient  scene  background  using  a  a ee- through  display  combiner. 

b)  During  night  or  low  ambient  tu«*iiuince  conditions,  permit  the  display  of  sensor  or  computer 
generated  raster  information  with  adequate  contrast  at  lowar  •axiioum  luminance  love  is.  Tha  normal 
ambient  scene  would  then  be  replaced  with  a  sensor-produced  reproduction. 

The  underlying  issue  of  this  example  Is  that  display  contrast,  and  therefore,  the  human  operator's 
ability  Co  sec/use  tho  information  being  delivered  to  him  either  day  or  night  can  bo  considered  as  one 
choice  for  the  most  important  denign  parameter.  This  contrast  parameter,  then,  drives  all  others  in 
system  designs  that  are  ultimately  evolved  and  built, 

Pigucc  4  depicts  the  principle  deaign  categories  of  optical  systems  that  might  be  exploited  to 
implement  a  coll lasted  optical  design  suitable  for  use  in  s  VPl>.  These  categories  ara  delineated  by 
the  system's  primary  basic  operating  principle,  realizing  that  a  particular  design  will  combine  more 
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Chan  one  principle  to  maximize  performance.  For  the  VPD  ayecema  covered  in  thi$  paper*  only  eye tern 
type*  l  through  4  were  finaLly  conaidered  for  hardware  ioplcncnCat ion. 


OPTICS 
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(1) 
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33 
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i) 

REFLECTIVE  HOLOGRAPHIC  MULTI-APERTURE  ARRAYS 

(2)  (4)  (6) 


FIGURE  4 

MAJOR  DESIGH  ALZERHAIIVXS  FOR  COLLIMATED  HMD. 

The  design  procoss  is  extensively  modified,  however,  by  the  display  hardware  system's  operating 
mod all ties .  Theae  night  range  from  a  system  that  meet  perform  throughout  the  range  of  ambient 
conditions,  to  a  design  Chat  will  permit  alteration  of  some  of  ita  components  to  match  iCB  performance 
Co  the  extremes  of  Che  operating  environment.  Two  separate  designs,  meant  to  accomodate  separate 
portions  of  Cho  environmental  parameter  ranges  might  also  be  reasonable.  Given  the  many  varied 
operational  configuration,  for  the  VFD,  only  Ch.  more  significant  configuration*  and  thoir  associated 
performance  are  discussed  in  this  paper. 

Table  2  lists  the  systems  and  approximate  values  for  dome  of  the  more  important  characteristics  of 
each  of  Cho  VPD  HMD  optical  designs,  for  which  working  helmet  system  breadboards  were  fabricated. 
Syatem  1  using  a  special  version  of  the  Farraod  Pancake  Window,  employ*  e  unique  combiner  deriga  to 
obtain  extremely  large  instantaneous  FOVs,  albeit  at  the  extreme  sacrifice  of  light  tranaoiaeion 
efficiency.  Systems  2  and  3  are  catadioptric  systems  using  a  combinee/beamsplittcr  combination  to 
obtain  large  FOVs  with  reduced  weight  and  improved,  but  still  low,  light  transmission  efficiency.* 
Systems  4  and  5  arc  essentially  refractive  optical  systems,  using  either  a  holographic  or  aspheric 
combiner  mirror,  that  can  provide  very  good  light  troiwmiasion  efficiency,  but  with  increased  weight 
for  POV*  comparable  to  systems  I  and  3.  fhi*  summary  t*  presented  here  *o  that  th«  reader  may  be 
familiar  with  and  reference  this  table  as  the  VPD  design  considerations  arc  enumerated  and  explained 
throughout  the  remainder  of  thiB  paper. 


TABLE  2 

VPD  HMD  OPTICAL  SYSTEM  CHARACTERISTICS  SUMMARY 


CHARACTERISTICS 

SYSTEM  1 

SYSTEM  2 

SYSTEM  3 

SYSTEM  4 

Bcmdd.'.M 

_  FAR  RAND  _ 

"  PANCAKE 
WINDOW 

O.D.S. 

CATA- ~ 
DIOPTRIC 

FARRAND 

DUAL 

MIRROR 

HUGHES 

HOLO¬ 

GRAPHIC 

EXIT  PUPIL(nim) 

19 

21 

IS 

15H  x  10V 

17/15 

MONO.  FOV  (DEG) 

acw  x  eov 

S3H  x  40V 

60H  X  45V 

BOH  x  30V 

50H  x  37.5V 

TOTAL  H OR.  FOV  (DEG) 

120 

76 

90 

00 

70 

OVERLAP  (DEG) 

40 

30 

30 

40 

30 

EVE  RELIEF  (mm) 

39 

72 

32 

90 

60 

POLYCHROMATIC 

NO 

NO 

YES 

NO 

NO 

CRT  TO  EYE  TRANSMISSION 

0.01C, 

0.25Cr 

0.06C( 

O.05C, 

0.9Cf 

SEE-THROUGH  TRANSMISSION 

o.oac, 

0.5C, 

one, 

C. 

Ct 

APPROX.  WEIGHT  OF  OPTICS  ASSEM.  (gm) 

4901  LEG 

250/  LEG 

210/LEG 

350/ LEG 

4601  LEG 

INPUT  FORMAT  HOB.  (mm) 

19 

16 

19 

19 

16 

EFL  (mm) 

13$ 

16.3 

10.1 

10.1 

17,2 

cr=  COMBINER  REFLECTANCE 

C,  =  COMBINER  TRANSMISSION 


SIZE  OF  FIELD-OF-VTEV  (POV) 

Selecting  this  parameter  is  often  the  single  most  important  decision  that  Che  system  designer  or 
integrator  must  make.  It  can  have  a  major  impact  »a  the  maximum  obtainable  display  combiner  contrast 


22-5 


for  a  desired  ambient  trsnsniosion  condition.  Large  FOVs  mean  more  head-supported  weighe,  and 
unacceptable  modification  of  the  military  headgear  center-of-gravity  (CG),  l«a«  light  transmission 
efficiency  from  the  image-sourcs-to-aye  (ISTE),  and,  ultimately,  more  oever*  performance  requirement a 
for  the  image  source  and  ito  associated  display  electronics.  Designers  must  usually  place  greatest 
weight  on  the  primary  application  for  the  system.  (f  Che  display  System  is  Intended  for  ground-baaed 
use  in  simulators  or  other  similar  functions,  then  the  designer  may  opt  for  the  largest  practical  FOV. 
Large  POVa  create  a  panoramic  visual  input  and  a  feeling  of  being  imaereed  in  the  environment  or 
situation  being  depicted,  however,  operational  field  use,  particularly  military  cockpits,  places  a 
premium  on  low  weight,  compactness,  maintenance  of  vision  to  the  ambient  background  under  all  head 
movement  and  aircraft  acceleration  conditions,  usable  contrast  for  both  the  displayed  and  ambient 
visual  stimulus,  and  Survivability  in  hostile  environments.  These  cons id# rat ions  drive  HMD  designs 
toward  smaller  FOVs. 

Figure  5  depicts  the  total  instantaneous  FOV  for  the  human  binocular  visual  system,  over  which  the 
instantaneous  display  FOV  for  one  of  the  largest  binocular  HMDs  aver  built,  has  bean  drawn.  It  is 
immediately  apparent  chat  the  instantaneous  display  FOV  (120  degrees  horizontal  by  60  degrees  vertical) 
is  much  smaller  than  that  for  unaided  eyes,  yet  the  display  system  needed  to  achieve  such  performance 
is  already  too  heavy  for  general  use  in  operational  rotary  wing  aircraft.  It  also  suffers  from  very 
low  1ST*  transmission  efficiency,  and  thus  either  very  poor  see-through  capability,  and/or  very  low  CRT 
contrast.  In  additional,  the  monoculars  have  been  turned  out,  allowing  only  the  overlapping  central 
forty  degrees  of  horizontal  FOV  to  be  seen  by  both  eyes.  This  places  severe  constraints  on  both  the  use 
of  the  optical  design  [01,20]  and  inago  source  performance  (1ft). 


FIGURE  5 

RELATIONSHIP  OF  HHll/EY*  FOV 

binocular  optical  designs ,  particularly  those  employing  partial  overlap  of  their  monocular  FOVs , 
denand  compatible  mapping  acheoaa  for  the  display  system's  resolution  elements  acroea  their  angular 
FOVs  (201.  For  VFD  optical  designs,  this  usually  means  that  P-thcte  mapping  is  the  preferred  mapping 
schema  (where  the  angular  distribution  of  resolution  elements  become a  uniform),  rather  than  F-tangeat 
theta  or  even  F-eiae  theta  mapping  (where  there  ere  excess  angular  resolution  elements  at  the  odges  of 
the  field).  For  partially  overlapped  systems,  F-thcta  mapping  offers  the  only  practical  solution  co 
matching  resolution  element ■  for  the  seme  object  at  the  edge  of  ooe  eye/display  monocular  field  to 
those  that  will  be  at  an  alternate,  Interior  location  to  the  field  for  the  other  cye/displdy  monocular 
viewing  the  same  object.  F-thets  msppiog  also  eases  the  difficulty  of  the  optical  deeign  process , 
allowing  larger  suit  pupil  sices  to  he  obtained  for  a  given  FOV  [02 ,03).  If  a  full  overlap  condition 
is  used,  it  might  be  desirable  to  introduce  spline  distortion.  For  this  type  of  mapping,  more  of  the 
resolution  olcmcnte  are  located  in  the  center  of  the  display  FOV  than  on  the  edge,  thus  approximating 
more  closely,  the  f oveel/per ipherel  topology  of  the  eye's  resolution. 

For  the  conditions  shown  in  Figure  5,  the  inboard  -A0  degree  off-axis  location  for  the  right  eye 
monocular,  represents  the  0.0  degree  location  on  the  left  eye  monocular.  The  implication  of  this  fact 
for  the  image  eourcs,  is  that  off-axis  performance  must  ba  vary  similar  to  oo-axia  performance,  as  the 
central  viewing  portion  of  the  diaplay  represents  en  off-center  viewing  location  on  the  CRT,  as  shown 
in  Figure  6.  Further,  to  properly  align  the  display  formats  for  the  eyas,  as  well  as  compensate  for 
residual  optical  distortion,  the  CRT  image  source,  must  have  ita  imagery  p radii torted  to  obtain  proper 
perspective  and  overlay  of  the  left  and  right  eye  display  images.  This  is  ooe  reason  why  CRTs  are  the 
image  source  of  choice  over  eoiid  state  image  sources,  because  their  resolution  cao  he  altered  or 
mapped  sod  is  not  constrained  to  the  fixed  patterns,  positions  and  aiaaa  of  solid  state  image  source 
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resolution  eleoente.  Display  resolution  and  addressability  issues  relating  to  the  use  of  HMD*  in 
vibrating  environments,  nay  also  be  used  as  part  of  the  total  system  analysis,  but  these  considerations 
play  a  euch  sore  iaporcant  role  in  vertical  FOV  selection. 


-AO  DEGREE  HORIZONTAL 
POSITION  FOR  RIGHT  EYE  OPTICS 


CRT  QIJALmr  AREA 

OVERSCANNEO 

HORIZONTALLY 


OPTICS  MONOCULAR  FOV=  80*  HOR  X  60’  VER 
BINOCULAR  OVERLAP  FOV  =  40 ‘HO  R 


HGU8K  6 

car  format  for  paktxu.lt  overlapped  Hue  rov  optical  desich 

Another  important  circumstance,  affecting  FOV  selection,  la  the  frequently  levied  requirement  to 
hove  the  tensor's  FOV  displayed  in  «  direct  1“1  napping  on  the  11H0  FOV.  An  axanple,  is  a  FLIK  system 
with  a  50  degree  horizontal  by  37.5  degree  vertical  FOV,  which  nuac  have  Che  tame  apparent  POV  when 
presented  on  the  HMD.  A  requirement  of  this  type  for  a  panel  mounted  presentation  would  clearly  be 
waived,  bacausa  the  resulting  cockpit  mounted  display  would  ba  unacceptably  large.  Such  a  design 
requirement  is  feaeible  for  Che  HMD  which  can  have  an  angular  subtense  to  the  eye  (apparent  FOV)  this 
large  [22).  Further,  if  the  display  of  more  than  one  sensor  input  ia  required,  end  their  associated 
POVj  ace  quite  different,  but  their  scan  formats  ate  similar,  as  is  usually  the  case,  then  a  primary 
sensor  (normally  the  one  used  for  pilotage  tasks)  must  be  chosen.  The  display  FOV  is  then  selected  to 
accommodate  1-1  mapping  of  the  primacy  sensor's  FOV.  Display  magnification  (or  minif ication)  must 
usually  be  accepted  in  analog  systems,  for  the  display  of  other  aeoaora'  information,  because  Che 
dynamic  range  of  the  image  source  cannot  usually  support  1-1  sapping  of  all  sensor  presentations. 

Raving  accepted  this  criteria,  one  must  determine  its  impact.  Setting  aside,  for  the  moment, 
sensor/diaplay  system  design  isauta,  the  major  dsaign  considerations  become  the  scanning  format,  the 
number  of  pixel  elements  spread  over  the  HMD  FOV,  and  the  scan  format/pixel  rate  capability  of  the 
image  source,  A  hypothetical  set  of  sensor/llHB  conditions  ia  depicted  in  Figures  7a  and  7b.  In  this 
example,  a  4:3  aspect,  JO  x  37. S  degree  sensor  POV,  with  750  visible  seen  lines  and  approximately 
square  pixels,  is  to  be  presented  using  a  1-1  mapping  of  senaor-co-display  resolution  elements  on  the 
HMD.  Assuming  nighttime  utilization  of  this  sensor  format  and  a  see-through  combiner,  then  the  image 
source  can  be  cun  at  modest  luminance  conditions.  For  these  conditions  miniature  CRTs  can  achieve  $00 
cycle  (1000  pixels)  per  display  width.  Since  the  example  sensor  is  providing  1000  pixels  per  line  for 
simultaneous  display,  its  format  and  the  capabilities  of  the  CRT  image  source  dictate  the  mapping  of 
resolution  elements  and  ultimately  the  conditions  for  maximum  HMD  FOV.  The  two  example  conditions  are 
diagrammed  in  Figure  7. 

For  the  conditions  shown  in  both  7a  and  7b,  the  mapping  of  resolution  elements  reflects  that  of  the 
sensor,  while  the  overlap  condition  and  the  total  number  of  sensor  pixels  displayed  by  ehs  right  and 
left  eye  image  sources,  has  been  changed  to  achieve  different  binocular  horizontal  FOV*  for  the  HMD. 
Ares  ARGO  for  both  figures  indicutes  the  entire  binocular  FOV  that  the  CRT’s  addressability/ 
tesolution  performance  can  support,  given  the  requirement  for  1-1  mopping  of  the  sensor  FOV  onto  the 
HMD  FOV.  Area  WXYZ  represents  possible  overlap  conditions  that  the  HMD  CRTs  can  support  for  the  given 
total  sensor  resolution  end  the  total/overlap  FOVb  for  the  HMD.  Atoes  KWZd  and  XSTY  represent  the 
remainder  of  the  sensor  presentation,  which  can  be  seen  by  only  the  tight  or  left  eye.  Areas  A  ROD  and 
SBCT  represent  the  remaining  display  FOV,  which  the  CRT's  resolution/iddreessbility  performance  can 
support  for  the  ateted  drive  conditions. 

In  those  portions  of  the  instantaneous  display  FOV,  whara  sensor  information  is  not  displayed, 
additional  peripheral  mot  ion/reference  cues,  such  aa  artificial  horizon  lines,  heading  tapes,  etc., 
might  bo  drawn  during  Che  video  vertical  retrace  interval,  if  vector  graphic  stroke  symbology 
capability  is  present.  Which  FOV  condition  is  designed  into  the  HMD  is  appticstion-dcpondcnC,  although 
the  preponderance  of  the  sparse  human  factors  data  on  this  topic  uoCms  to  indicate  that  maximum 
performance  benefits  occur  at  5D-60  degrees,  increasing  at  a  much  reduced  rate  for  still  larger  FOVs 
[131. 
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FIGURE  7 

SCAB  FORMAT  REIATIOBSHIPS  FOR  HYPOTHETICAL  SEHSOR/lKn  COMBIHATIOB 

A  complerafcntnry  approach  Co  C&CubLijihiag  horizontal  FOV  allowing  direct  Analytical  calculation  is 
to  base  the  FOV  determination  on  tha  overall  system  revolution  116).  The  relationship  shovn  in 
equation  1,  relate*  resolution  performance  of  Che  miniature  CRT  image  aource  and  the  addressable 
resolution  elements  available  from  a  given  imaging  sensor.  Those  relationships  may  be  combined  to 
calculate  the  desired  horizontal  FOV  foe  1-1  mapping  of  the  sensor  FOV  on  the  HMD.  Using  equation  1 
and  the  assumed  CHT/sansor  performance,  che  desired  horizontal  FOV  of  the  sensor  display  is  50  degress. 

Completing  the  determination  of  the  maximum  display  binocular  POV,  then  reduces  Cu  computing  Che 
amount  of  binocular  overlap  that  i»  attainable.  This  can  be  computed  using  the  relationship  shown  in 
equation  2  1161.  Using  equation  2,  one  computes  an  overlap  FOV  of  40  degrees.  The  computed  horizontal 
and  overlap  FOV  conditions,  using  both  relationships,  conveniently  results  in  a  format  very  similar  to 
that  diagrammed  in  Figure  7a.  Of  course,  a  mixture  of  Che  tvo  approaches  and  widely  dissimilar  system 
conditions,  might  be  conbioed  to  yield  significantly  different  results. 
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HOR  FOV  (DEG) 


CRT  FORMAT  SIZE  (mm)  x  CRT  RESOLUTION  ( Ip/mm) 
17.5  (mrad/DEG)  x  SENSOR  RESOLUTION  ( ip/mrad) 


(1) 


WHERE;  ASSUMEO 

CRT  SPOT  SIZE  =  19.0  MICRONS  (0.019  MILLIMETERS)  OR 

26  LINE  PAIRS  PER  MILLIMETER  ( Iplmm) 

ASSUMED 

CRT  FORMAT  SIZE  =  19.0  MILLIMETERS 
ASSUMEO 

SENSOR  RESOLUTION  =  0.57  LINE  PAIRS! MILLIRAOI AN  (Ip/mraO) 


BINOCULAR  FOV  OVERLAP  (DEG)  =  2  x  ARCTAN 


EYE  SEPARATION  (mm) 
2  x  EYE  RELIEF  (mm) 


(2) 


WHERE;  NOMINAL  EYE 

SEPARATION  =  65  MILLIMETERS  (mm)  GIVEN  58  72  (mm) 
OF  NOMINAL  ADJUSTMENT 


Having  an  approach  for  determining  the  vertical  FOV  ia  also  Important ,  especially  since  human 
anatomical  factors  make  vertical  FOV  more  difficult  to  obtain  for  pupil-forming  HKD  ayateoa  (01). 
Nominally,  the  monocular  FOV  will  have  i  4:3  aspect  ratio,  whose  vertical  FOV  will  be  determined  by  its 
horizontal  FOV  and  overlap  condition,  even  though  the  total  binocular  presentation  will  differ 
significantly  from  such  an  aspect  ratio.  However,  it  ia  important  to  consider  certain  other  closely 
related  technical  facrora  whose  origina  are  partially  in  Che  peychoviaual  domain  and  partially  in  the 
system  designer's  domain.  Tbe  poychovisual  considerations  pertain  moat  importantly  to  the  required 
aize  of  the  eubtended  angle  of  diaplay  resolution  elements  to  the  aye  when  such  imagery  ia  viawed  io  a 
vibrating  environment  (06).  The  basic  assumption  is  that  Che  vertical  vibration  component  (normally 
having  do  orientation  approximately  perpendicular  to  the  HMD  scan  lines),  is  the  largest  and  most 
important  component  (061.  Hetc,  the  literature  relating  CO  che  viewing  of  UXOa.  during  vibration 
suggeata  that  scan  lines  should  subtend  an  angle  co  tbe  eye  of  2  to  A  arc  minutes.  This  statement  must 
be  viewed  with  caution,  since  observer  angular  resolution  is  dependent  on  »  number  of  interrelated 
faccora,  such  aa  display  luminance  and  contraat  which  are  not  always  specified  with  the  data.  In 
addition,  display  operating  conditions  normally  require  that  CRT  scan  line  width  be  adjusted  ao  Chat 
the  scon  line  structure  is  not  visible.  However,  sufficient  dynamic  range  should  be  permitted  between 
the  minimum  and  maximum  luminance  levels,  ouch  that  usable  contraat  is  maintained  between  adjecent 
pixels  imaged  at  different  luminance  levels  on  adjacent  acan  lines.  To  accomplish  this  goal,  the 
display  ayateoi  designer  needs  to  establish  an  acceptable  Scan  line  merge  condition  as  shown  in  Figure 
6.  The  merge  condition  selected  should  allow  a  reasonable  tradeoff  of  scan  structure  contrast  and 
vibration  induced  artifacta  which  Affect  viaibility  of  Che  scanned  image. 


25%  MERGE  CONDITION 


40%  MERGE  CONDITION 


(a) 

SLSMC  -  SCAN  LINE  STRUCTURE  MODULATION  CONTRAST 


KttfC* 

(At.'ACUvr  UNU  ON. 


MICRONS 

W 


FIGORK  8 

IMPACT  OP  MERCK  POINT  SELECTION  FOR  ADJACENT  SCAN  LIKES 

The  CRT  beam  width  conditions  depicted  are  12  -  14  microns  At  the  SO  percent  response  point.  At 
night,  disploy  of  tensor  imegcry  at  this  condition  is  easily  supported  by  current  miniature  CRTs. 
Given  the  previous  example  condition  of  750  visible  scan  lines,  the  distance  between  scan  linca  bas 
been  adjusted  to  18  -  19  microns.  This  allows  seen  lines  to  subtend  about  1  ore  minutes  of  visual 
angle  for  rhe  37.5  degree  vertical  FOV  of  the  example  HKD,  which  falls  right  between  the  2-4  arc 
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oioute  requirement  suggested  in  che  literature.  (deal  gsusaien  response  is  portrayed,  although,  for 
tone  miniature  CRTs,  the  tails  of  each  apot  profile  may,  at  certain  CRT  drive  condition*,  extend  out  Co 
greater  distances  than  indicated  here  |08l.  Vhcn  adjusting  CRT  performance  and  HMD  FOV  to  match  or 
preserve  moat  of  the  initial  sensor  performance,  the  deeigner  usually  wanes  to  insure  that  the  scan 
line  widths  and  marge  conditions  are  edjuoted  Co  achieve  minimum  ecan  line  structure  modulation 
contrast  (SLSKC),  vhcn  adjacent  pixels  on  adjacent  scan  lines  are  at  peak  luminance.  Conversely, 
maximum  modulation  contrast  is  desired  between  adjacent  ecan  lines,  when  every  other  scan  line  is  sc 
peak  luminance  levels  and  Che  adjacent  pixels  on  adjaceac  scan  lines  arc  at  their  minimum  luminance 
level.  7heee  relationships  are  shown,  for  two  asperate  marge  conditions  in  Figures  8a  and  9b.  A 
reasonable  design  procedure  is  to  select  e  POV  and  merge  condition  where,  with  adjacent  scan  lines  at 
full  luminance  Levels,  the  SLSMC  i*  kept  below  che  human  operator's  visual  demand  threshold  for  the 
modulation  eontraat/reaolution  conditions  obtainabls  from  the  system  [ace  reference  23,  (Figure  29)1. 

It  should  be  obvious  that  the  90  percent  merge  condition  represented  by  Figure  8  cornea  clossat  to 
meeting  the  stated  criteria. 

Finally,  somathing  must  be  said  about  attempting  to  predict  tba  relationship  between  total 
anticipated  veight  for  the  HXD  optics  and  POV.  One  predictor,  sometimes  employed  for  this  purpose,  is 
the  Lagrange  invariant  102)  given  by  equation  3.  It  expresses  e  relationship  for  a  constant  level  of 


LAGRANGE  INVARIANT  =  Q  =  (EXIT  PUPIL  SIZE/2)(F1ELD  ANGLE,' 2) 


(3) 


complexity,  as  FOV  is  reduced  from  some  defined  maximum,  to  obtain  an  estimate  of  the  reduction  in  the 
complexity  of  the  number  of  Kill)  optical  elements  needed  in  a  specific  design.  However,  many  other 
factors  affect  this  relationship,  such  as  the  basic  optical  design,  inclusion  of  polychromatic  versus 
monochromatic  performance,  image  source  format  size,  and  materials,  used  in  the  design  snd  fabrication 
of  an  KKD,  thus,  any  useful  general  purpose  relationship  is  difficult  Co  formulate,  although,  for  a 
specific  design  restrained  to  the  same  conditions,  equation  3  can  provide  useful  predictive  benchmarks. 

DI5PIJVT  OVERLAP  FOV 

Among  persons  involved  in  the  use  and  development  of  binocular  HMD  systems  there  Is  much 
controversy  about  the  amount  Of  display  overlap  Co  use  bctwcon  the  monoculars.  Figure  5  depicts  a  40 
degree  overlap  condition  for  monoculars,  with  sn  80  degree  horizontal  FOV,  or  a  30  percent  overlap 
condition.  The  approximate  theoretical  maxi  sum  for  the  eyes  is  00  degrees.  This  condition  might  be 
obtained  with  cerCein  UMO  designs  if  the  total  FOV,  exit  pupil,  and  eye  relief  conditions  vers 
optimized  to  support  it.  However,  helmet  slippage  on  the  head,  che  requirement  for  eyeglass 
compatibicy,  and  therefore  greater  eye  relief,  etc.  make  it  difficult  to  obtain.  Experience  with  the 
Farrand  Pancake  Window  simulator  display  system  developed  for  the  Visually  Coupled  Airborne  System 
Simulator  (VCASS)  facility,  which  can  be  adjusted  for  fixed  overlap  conditions  of  20,  40,  and  60 
degrees,  haa  provided  subjective  indicationa  Chat  a  display  system  with  aero  overlap  provides  a  more 
pleasiog  panoramic  display.  Recent,  but  not  yet  published  experiment*  conducted  by  the  Army  Night 
Vision  Laboratory  with  narrower  FOV  HMDs  seem  to  Suggest  similar  findings.  However,  no  definitive 
study  exists  on  this  topic.  As  a  minimus  guideline,  ie  con  he  stared  that,  with  narrow  FOV  systems 
(those  with  monoculars  having  a  horizontal  FOV  less  than  or  equal  Co  60  degrees),  a  full  overlap 
condition  is  desirable  and,  for  larger  FOV  HhDs  at  least  30,  and  probably  60  degrees  of  overlap  ie 
desirable. 

EXIT  PUPIL  SIZE 

The  exit  pupil  of  an  opeieal  system  that  has  one,  is  a  disc  to  which  all  of  the  light  from  che 
system  converge*  and  from  which  it  diverges,  all  of  tho  light  available  to  che  eye.  When  the  eye  pupil 
is  entirely  uichin  the  exit  pupil  ill  portions  of  the  HMD  FOV  may  be  viewed  instantaneously  and  et  the 
maximum  brightness  that  the  system  cun  provide.  The  definitions  one  usually  reads  in  optical  texts  Co 
define  exit  pupil  ere  usually  for  conventional  telescopes  and  microscopes,  where  tho  entering  light 
rays  arc  nearly  parallel  and  close  to  the  optical  axis.  For  these  designs,  the  aperture  stop,  and 
therefore  the  exit  pupil,  is  usually  easily  defined  and  explained.  However,  the  design  constraints  for 
HMDs  require  that  a  relatively  large  object  (the  CRT  phosphor)  be  viewed  from  a  short  object  distance, 
while  still  providing  a  combination  Of  large  visual  angle,  large  exit  pupil  site  and  enough  eye  relief 
to  accommodate  eye  glasses.  The  relatively  large  CRT  format,  being  clone  to  tho  relay  optica  lonscs, 
produces  light  ray*  that  enter  the  optical  system  at  large  angles  from  the  extrema  off-axis  points  of 
the  CRT  format.  The  HMD  optics  aperture  stop  may  be  a  combination  of  stops  in  the  system  and  is  not 
easily  determined.  It  is  usually  left  to  the  optical  designer  to  define  it  and  ineura  that  it  it 
obtained  far  the  desired  eye  relief  and  FOV.  However,  the  system  designer  must  supply  a  reasonable 
justification  for  the  desired  exit  pupil  size  based  upon  the  anticipated  luminance  conditions,  expected 
pupil  site!  for  the  human  eye,  the  anticipated  quality  and  stability  of  the  helmet  system  design  into 
which  Che  optics  will  be  integrated,  expected  environmental  conditions  during  oparecionsl  usa,  and  the 
realities  of  Che  optical  design  and  weight  penalties  associated  with  increased  exit  pupil  diameters. 

It  should  be  noted,  chat  pupil  sire,  a*  described  in  this  pnper,  means  the  cross  sectional  dimension 
over  which  no  vignetting  of  the  UMD  light  occurs. 

Figure  9  shows  a  simplified  diagram  of  the  huoon  oye,  token  from  the  Military  Handbook  of  Optic* 
(MIL-HD8K-14L)  with  certain  optical  constants  included,  which  can  be  used  Co  obtain  a  first  order  cut 
at  calculating  the  required  exit  pupil  size.  For  this  analysis,  the  entrance  pupil  of  the  eye  has  been 
assumed  to  bt  physically  approximately  3.0  millimeters  behind  Che  cornea.  The  optical  distance  from 
Che  cornea  CO  eye  pupil  is  the  physical  distinct  divided  by  tbs  index  of  refraction  (3.05/1.337),  of 
the  aqueous  humor,  which  ie  2.25  millimeters.  This  is  about  Che  location,  where  HMD  optical  designers 
like  to  design  for  the  exit  pupil  of  the  optics  to  be  located.  The  center  of  rotation  of  tbe  eye  is 
approximately  13  millimeters  behind  Che  cornea,  and  thus  the  rotation  center  of  tho  eye  is  10  (13-3) 
millimeters  behind  the  eye  pupil,  not  at  the  pupil. 
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TOTAL  INDEX  OF 
LENS  n=  1.42 


FIGURE  9 

OPTICAL  COHSTAOTS  POE  A  "STAKOA8D  EYE" 

Figure  10  depicts  Che  essential  reietionehipe  needed  to  calculate  eye  pupil  movement,  as  the  Bye  is 
rotated  to  view  off  axis  portions  of  the  HUB  FOV.  Although  ayo  pupil  diameter  can  very  from  2-7 
millimeters,  depending  upon  display/snbient  luminance  conditions,  the  calculations  vere  performed  for 
eye  pupil  sires  of  2  and  5  millimeters,  which  Is  representative  of  variation*  that  night  be  observed  in 
a  rotary  wing  aircraft  HMD  application.  Using  the  dimensions  and  relationships  shown  in  Figures  9  sod 
10,  aquation  A  can  be  derived. 

r[6ln(w  ♦  v)l 

EYE  PUPIL  EDGE  HEIGHT  =  h  = -  (4) 

C09  V 


WHERE:  co6  v  -  rl((  +Ar),  SO  (r  o Ai)  =  r/ooe  v 

AND  sir  (*  +  »)■  hf<r  +Ar) 

For  the  2  and  5  millimeter  eye  pupil  diameters,  equation  4  reduces  to 

h2  =  lO.OOJsIn  (w  +  S.738*)] 

and 


hj  =  1026(sln  (v*  +  14.10*)] 
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PUPIL  CENTER 


r  =  RADIUS  OF  ROTATION 
P 12  =  EYE  PUPIL  RADIUS 
V  =  ANGLE  SUBTENDED  BY  EYE  PUPIL  RADIUS 
W  =  ANGULAR  ROTATION  OF  EYE 
h  s  ABOVE  AXIS  HEIGHT  OF  EYE  PUPIL  EDGE 

X  a  DISTANCE  PUPIL  LEADING  EDGE  HAS 
RECEDED  FROM  PLANE  OF  HMD  PUPIL 


FIGURE  10 

RELATIOSSRIPS  FOR  EYK  PUPIL  KOCH  POSITION  FOR  5  YE  ROT  ATI  OH  OF  H  DECREES 

The  results  of  repeated  computations  using  equation  4  for  each  pupil  condition,  are  plotted  in  Figure 
11  out  CO  50  degrees  ofi-axia,  representing  a  hypothetical  HMD  design  uitb  a  100  degree  horizontal 
monocular  FOV.  The  inherent  assumptions  made  here  are  that  there  is  no  field  curvature  for  the  HMD 
exit  pupil  at  the  design  eye  relief  (accomplished  either  through  highly  corrected  optics  Or  optical/ 
electrical  compensation  at  the  CRT),  and  that  the  eye  is  moving  along  its  horizontal  axis.  One  .'near 
also  consider  the  movement  of  Che  edge  of  the  eye  pupil  edge  beck  from  the  plane  of  tha  HMD  pupil  av 
the  eye  rotates,  because  the  HMD  pupil  becomes  smaller  at  some  rate  dictated  by  ths  optical  design,  as 
one  departs  from  the  pupil  location  at  the  design  eye  relief  point  of  the  optics.  This  distance 
denoted  us  "x"  in  Figure  10  can  be  computed  in  a  fashion  similar  to  Chat  for  equation  4  using  the 
relationship  ahoun  in  equation  5. 


DISTANCE  BEHIND  PLANE  Of  HMD  PUPIL  =  x  =  r  -  h[col  (v  +  w)] 


(5) 


The  results  obtained  applying  l'his  relationship  are  plotted  in  Figure  12t  out  Co  an  eye  rotation  angle 
of  degrees,  which  again  represents  a  binocular  HMD  system  uitb  a  monocular  FOV  of  10D  degrees.  It 
remains  for  the  optical  designer  to  specify  to  the  VPD  syatea  designer,  how  exit  pupit  tize  decreases 
as  one  moves  away  from  its  plane  of  maximum  cross  sectional  area. 

In  addition  to  HMD  FOV  end  eye  movement  considerations,  the  effects  of  exit  pupil  size  on  optical 
system  weight  oust  be  considered.  For  wide  FOV  display  system#,  exit  pupil  sices  buyond  about  10 
millimeters  cause  the  weight  o£  the  HMD  optical  elements  Co  increase  so  substantially  that  they  quickly 
become  unacceptable  for  aircraft  helmet  systems.  One  can  achieve  &  first  cut  approximation  of  exit 
pupil  aieo  and  weight  impact,  on  a  particular  optical  system  design,  uaing  the  relationship  defined  by 
equation  6  and  illustrated  by  Figure  13  [20] .  To  use  tha  relationship  expressed  by  equotion  6,  one  oust 
insure  thac  the  .optical  design  is  corrected  for  the  Abbe  sine  condition  (20],  a  relationship  that 
expresses  a  condition  that  applies  to  optical  ayatema  free  of  ceTtain  aberrations  for  off-axia  points, 
particularly  primary  coma  [21,24].  Xoat  high  quality  HMD  designs  arc  corrected  for  thsae  aberration*. 


DISTANCE  OF  PUPIL  LEADING  EDGE  °  OFF-AXIS  DISTANCE  OF  PUPIL 

BEHIND  HMD  EXIT  PUPIL  (MILLIMETERS)  |  EDGE  ,N  MILLIMETERS 
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EYE  ROTATION  IN  DEGREES 


FIGURE  11 


(IS  DISTANCE  OF  ET5  PUPIL  LEAD  INC  EDGE  VERSUS  RYE  ROTATION  ANCLE 


EYE  ROTATION  ANGLE  (DEGREES) 


PIGURI!  12 

F.YK  PIMTI.  LEADING  RECE  01STAHCK  BK1UND  UMD  PLANE  OF  MAX  PUPIL  DIAMETER  VERSOS 

EYE  ROTATION  ABCLB 


HMD  RELAY 


OPTICS 


Q  =SIN  “  1(H^/EFL) 


(6) 


WHERE:  h,  =  HALF  HEIGHT  OP  EXIT  PUPIL  OF  HMD  OPTICS 

9  =  SEMI-CONVERGENCE  ANGLE  FOR  HMD  OPTICS  INPUT  FROM 

IMAGE  SOURCE  INPUT  (CRT) 

EFL  =  EFFECTIVE  FOCAL  LENGTH  OF  HMD  OPTICAL  SYSTEM 

FIGURE  13 

DEPICT] ON /RZFRESSIOB  OF  RELATIONSHIP  FOR  DETESMWISG  REIT  PUPIL  SIZE 

For  so  F-Theta  mapped  ayscem.  such  as  the  Farrand  Pancake  Window  HMD  and,  indeed,  moet  binocular  HMD 
designs,  the  effective  focal  length  (EFL)  for  Che  whole  system  can  be  computed  from  equacion  7. 


[CRT  FORMAT  SIZE  HOR 

EFL  =  - - 5 - x 

(HMD  HOR  FOV  (DEG)) 


(180*) 

~ 


(7) 


Results,  originally  formally  preaanted  in  raf trance  [20],  for  both  Che  growth  is  eemi-conYcrgonce  angle 
and  relay  optics  weight,  are  again  presented  here,  by  Figure*  14  and  15,  for  completeness  and  to  stress 
the  difficulty  of  obtaining  large  exit  pupils,  for  the  range  of  system  focal  lengths  normally 
obtainable  for  KftDa  (ace  Table  2). 


□  OLD  PANCAKE  WINDOW  SYSTEM 

O  ORIGINAL  DESIGN  FOR  NEW  PANCAKE  WINDOW  SYSTEM 
A  FABRICATED  DESIGN  FOR  NEW  PANCAKE  WINDOW 


SEMI  CONVERGENCE  ANGLE  {DEGREES) 


FIGURE  14 

PLOT  OF  PUPIL  DlAXlIgR  VERSUS  SR  Kt-COHVEaCCTCE  AKGLK  (PAJICAKE  WIIDOW  HMD) 
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EXIT  PUPIL  DIAMETER  (mm) 


FlGtilK  15 

PLOT  OP  KCLAY  OPTICS  WKIOHT  VgftS03  CYIt  F0P2L  DIAMETER  (PANCAKE  WINDOW  HMD) 

The  remaining  major  factors  affecting  e>:it  pupil  size  are  the  environmental  operating  conditions  end 
Che  design  of  the  headgear.  Clearly,  aircraft  operating  in  J  high  'V  environment  may  need  a  larger  exit 
pupil  to  prevent  display  vignetting  due  to  helmet  slippac*  on  the  h*»Ad.  This  may  be  largely  overcoat*?  by 
designing  a  system  with  s  analler  more  conp&ct  POV  with  less  eye  relief,  which  in  turn  prevents  the 
creation  of  significant  inertial  moments  that  would  accentuate  display  movement  from  external  forces. 
Also,  as  will  be  presented,  the  design  a£  in  integrated  headgear  which  antic ipa tee  and  sttcapta  to 
prevent  large  helmet  movements  can  also  reduce  the  need  for  very  Large  exit  pupil  sizes. 

Hence,  a  generalized  worm  case  condition  might  be  hypothesized  based  upon,  (1)  feasible  operational 
designs,  which  will  probably  not  achieve  a  aonocuUr  FQV  greater  Chan  60  degrees  horizontal  by  45  degrees 
vertical  (resulting  in  maximum  off-axis  angles  of  +/-  JO  and  22.5  degrees  respectively,  end  therefore,  a 
radial  angle  of  37.5  degrees),  and  (2)  the  sparse  hunan  factors  data  related  specifically  to  HMDs,  which 
fluggeace  that  the  human  operator  docs  cot  usually  move  his  eye  off-axis  when  viewing  the  HMD  by  more 
than  */-  20  degreeR  before  moving  hi*  head.  An  important  ^tnl if Ler  here,  as  mentioned  in  (20f,  are 
binocular  display  system*  which  rotate  the  HMD  optical  axis  to  achieve  greater  horizontal  POV,  uaiog 
partial  overlap  of  the  monoculars.  Figure  16  depicts  the  exit  pupil  cross  section,  as  it  vould  appear 
located  normal  to  the  eye  with  no  tilt  of  the  binocular  optical  axea  (which  would  be  employed  for  a 
systen  having  partial  overlap  of  its  monoculars).  Also  portrayed  are  important  HMD  system  physical 
relationships.  The  relationships  portrayed  by  Figure  16  should  be  considered  a  worst  case  condition, 
because  the  exit  pupil  size  is  based  upon  a  full  field  condition.  If  the  portion  of  chc  field  (or 
object  size),  which  must  be  visible  sinultaneoualy  is  reduced,  then  the  diamond  shape  aTca,  over  which 
the  reduced  field  can  be  simultaneously  viewed,  will  become  proportionally  much  larger.  As  Figure  16 
shows, -  Che  only  Honest  specification  for  eye  telief/exit  pupil  size,  lb  ona  that  results  in  the  proper 
positioning  of  the  maximum  cioea-ecc tionai  pupil  area  on  the  eye.  Ocher  pos itioning  points  Tesult  in  a 
reduced  effective  exit  pupil  size  for  no  vignetting.  If  th«a  orientation  o£  the  HMD  exit  pupil  in 
normaL  to  the  cornea,  then  symmetric  movement  of  the  eye  is  possible  with  similar  vignetting  or  taefc 
eh^reof.  However,  if  aa  noted  in  120],  chc  monocular  HMD  optical  axes  are  turned  aut  to  obtain  a 
partial  overiup  condition,  then  Chc  movement  to  one  aide  of  the  exit  pupil  (normally  Che  direction  foe 
divergence  of  the  eyes),  is  restrained  for  the  nominal  Lnterpupillary  distance  (IPD).  This  must  be 
conpCnsatcd  for  by  adjusting  the  optics  to  s  somewhat  vider-than-normal  IPD  (usually  by  5-5 
millimeters). 

Given  the  preceding  considerations,  a  worst  case  condition  can  be  picked  for  the  S  millimeter  pupil 
size  at  the  20  degree  off-axia  position,  which  results  in  a  nominal  indicated  translation  of  +■  or  -  6 
mil  line  tars.  If  one  then  odds  to  this  *  or  -  3  millimeters  of  translation  due  to  helmet  oovemenc  (a 
reasonable  amount  for  a  well  designed  integrated  heloet  system,  used  for  a  rotary  wing  aircraft  or 
sinulator  application),  one  arrives  at  a  nominal  exit  pupil  size  of  about  13  millimeters.  In  practice, 
at  least  for  the  breadboards!  designs  listed  in  Table  2,  an  exit  p.ipil  flixe  of  14  -  17  millimeters  has 
been  found  to  be  aufficient.  For  applications  where  weight  i*  extremely  important,  a  pupil  atze  toward 
the  low  end  of  the  range  would  probably  be  selected. 
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HMD  COMBINER 
SURFACE 


FIGURE  16 

iXlT  PUPIl/eye  relation sun ?e 


KYR  aSURP/CLR^RAMCB 

A*  depicted  by  Figure  16,  the  distance  viced  to  specif y  eye  relief,  should  be  measured  from  the 
viewing  center  of  the  final  optical  surface  closest  to  the  eye,  to  the  optical  position  for  the  Largest 
Ceos*-' sectional  area  of  Che  optics'  exit  pupil  with  respect  to  the  eye.  Table  2  lists  a  range  of 
different  distances  for  the  five  optical  breadboards,  which  were  developed  as  part  of  the  VPD  effort. 
Generally,  designs  providing  35  nillineCeta  Or  more  of  eye  relief,  present  no  major  operational  problems, 
and  allow  moat  eyeglasses  to  be  accommodated.  However,  it  is  prudent  to  keep  eye  relief  as  small  as 
ponaibio,  beenua®  for  a  giv®n  FOV,  as  aye  relief  increased,  go  does  the  size  and  weight  of  the  optics, 
in  a  manner  proportional  to  the  design  approach  employed.  Another  similar  f  igure-of-mCtfit  (POM),  used 
to  describe  display  system  positioning  around  the  eye,  is  eyo  clearance.  The  generally  accepted 
nooning  of  this  tarn  ia  Chat  it  define*  the  point  of  cloncnt  approach  of  Che  HMD  combiner  .and/or 
beans plit ter  as secbly  to  any  part  of  the  eye.  A  curved/ tilted  combiner  assembLy  can  often  yield  much 
smaller  eye  clearance  distances  thaa  thoEe  given  for  eye  relief.  Experience  with  Che  breadboard 
doai.gno  listed  in  Tabic  2  ahowa  chat  eye  clearance  distances  of  leas  than  20  millimeters  present  major 
difficulties,  particularly  when  its  use  in  on  operational  aircraft  environment  is  con temp la ted. 

coLLnmum 

For  the  VPD  application,  it  is  usually  required  Chat  Che  display  imagery,  which  is  overlayed  on  the 
ambient  or  eutside-of-cockpit-scene  be  at  optical  infinity  (collimated)*  This  permits  minimal  or  no 
refccuninc  rim*  between  the  FIX'D  display  and  the  outside  world  scene.  It  is  also  important  because  the 
helaet  sighting  ay  a  teen  (as  shown  ip  Figure  1)  usCf  tfca  VPD  HMD  to  image  its  sighting  ratio  le.  The  reticle 
i*  electronically  aligned  with  the  helmet  sensor  during  the  system  boreaCghcing  process.  If  the  reticle 
imago  ia  not  collimated,  then  three  will  be  parallax  error  between,  the  helmet  lighting  system  and 
external  scene  £or  targets  being  designated  by  the  display  sighting  reticle.  Collimacion  can  be  checked 
by  placing  a  powerful  (20v  magnif ication  or  higher)  telescope  focusod  for  infinity  in  the  HMD  exit  pupil, 
and  checking  foe  sharpness  of  the  display  imagery.  If  the  imagery  id  ia  focua,  one  can  unually  bq  sure, 
that  the  display  is  collimated  tD  within  a  small  fraction  of  a  diopter,  which  i«  normally  sufficient. 
Display  designs  which  have  their  combiner  surface*  separate  from  the  helmet  lenB  or  visor,  usually 
Quintain  col lima cion  much  better  than  designs  that  use  the  helmet  visor  ss  the  last  display  imaging 
aurface.  This  ia  bec3U6e  visors  are  normally  susceptible  to  do format ion p  durine  helmet  flexure,  etc., 
which  alter  the  focus  of  the  display  Bjstera.  Attempts  were  made,  early  in  the  '/PD  HMD  program,  to 
develop  an  alternate  focus  or  image  location  lor  the  display  format,  bo  that  the  display  imagery  might 
•Iso  be  optically  located  at  the  same  dLcC.ineo  an  Che  cockpit  tnn trumm Cation  vh®n  th®  pilot  was 
attempting  to  interact  with  internal  cockpit  instruments.  The  two  condition*  would  be  monitored  by  the 
helmet  position/ orient at inn  sending  syiten  end  the  image  location  would  be  rapidly  shifted  automatically. 
However,  no  compact,  Lightweight  udjunemrat  mechanism  could  be  found  and  attempts  to  achieve  this 
function  were  abandoned. 

HAPP IMG/DISTOKT  ION 

For  binocular  HMD  designs,  particularly  designs  where  the  monocular  fields  a-ra  partially  overlapped, 
F~thcta  mapping,  which  provides  constant  angular  resolution  over  the  display  FOV,  is  often  Che  beat 
choice  for  the  mapping  of  3  display  system's  angular  resolution  [03,201.  Howpvc»t,  P-taugent  theta 
mapping,  where  the  tangent  of  the  field  angle  ia  proportional  to  the  image  source  chordal  height, 
represents  the  no-diBtortion  napping  condition,  F-cheta  mapping,  where  the  image  field  angle  ia 
proportional  to  Che  image  source  chordal  height,  jiolda  pincunhian  distortion.  Therefore,  gome  form  af 
compensating  distortion,  nominally  representing  barrel  distortion,  must  bo  introduced  into  the  CRT 
imagery.  The  distorted  CRT  imagery  corrects  or  linearizes  the  virtual  image  of  the  CRT  when  viewed 
through  tho  HMD  optics.  Figure  L7  depicts,  in  simple  form,  the  mapping  rul stionuhipu  between  the  eye  and 
CRT,  sud  shows  the  derivation  of  the  relationship  for  the  required  correction.  Alternate  explanations  of 
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HMD  VIRTUAL  IMAGE 


F(0)  MAPPED  OPTins - rEYE=FE(Q1>  '  WHERE  S.  HAS  UNITS  OF  RADIANS 

F  -  TAN  (6)  MAPPED  CRT  =>  rCRT  =  D  (TAN  (  02)) 

IF  NO  DISTORTION  PRESENT  THEN  9-,  =  92 


THEREFORE  rgyg  =  Fg(ARCTAN 
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CRT/OPTICS  MAPPING  COMPENSATION 

this  problem  id  ay  be  found  in  [01  j02,  20,22 ).  The  CRT  drive  electronics) r  deflection  circuitry  nest  be 
deal  good  to  nupport  ouch  correction.  The  VPD  system  integrator  oust  be  sure  that  the  requirod 
correction,  and,  therefore,  expansion  or  compression  of  CRT  pixel  spacing  at  different  portions  of  the 
CRT  faceplate,  can  be  supported  by  the  inherent  performance  of  the  CRT  and  its  drive  electronics.  The 
arctangent  funccion  is  difficult  to  impLeaent  with  cmaLog  display  electronics.  Therefore,  CRT  deflection 
geometry  correction  Le  usually  inpleitented  by  a  truncated  poly non ill  approximation,  using  tarns  out  to 
third  order,  aa  diacuoacd  later  in  thia  paper. 

Residual  field  curvature  aav  also  be  left  in  the  opticaL  design  because  its  complete  elimination 
would  result  in  a  larger  number  of  optical  elements  and,  correspondingly,  a  heavier  design.  This 
residual  field  curvature  is  usually  reduced  co  negligible  proportions  by  adding  a  corrective  curvature  to 
the  CRT  faceplate,  resulting  in  some  additional  complexity  for  the  CRT,  but  adding  almost  no  additional 
helmet  system  weight.  The  ohape  oE  this  curvature  -nay  bo  either  convex  or  concava,  depending  upon  the 
requirements  of  the  optical  design. 

LIGHT  KANAfiRKRfcfT  (TRANSMISSION  EFFICIENCY  /MODULATION  CONTRAST) 

As  mentioned  much  earlier  in  thin  paper,  the  contrast  achieved  for  the  displayed  imagery  and  the 
amount  of  scc-through  parmitted  to  the  ambient  scene  is  probably  the  most  important  design  relationship 
for  most  HMD  applications.  This  is  especially  true  for  the  VPD,  where  the  head  mounted  display  in 
supposed  to  be  the  pilot'd  primary  display  device,  end  lb  critical  for  maintaining  the  required  level  of 
"situation  -awareness. 11  For  the  aysteae  listed  in  Table  2,  the  Vcey  to  light  management  and  the 
C-stnbliahccent  of  the  proper  trup.d raitsdion  e£f icieecicu  for  imago  aource  and  ambient  light  is  the  design  of 
the  dinplny  coabinar  and/or  beaninpK  tfcer  element!*., 

The.  two  most  coamon  configurations  for  the  HMD  combiner/bcamsplitter  (C/B)  components,  and  their 
relationship  with  reapect  to  the  inage  source/relay  Lena  input  and  observer';)  eye  position,  are  shown  in 
Figures  LBa  and  lSb.  The  coatings  used  on  each  of  the  C/B  surfaces  are  optimised  for  the  intended  range 
of  appl  ventiono  including  day/aight  viewing  with  ayxibalogy  and/or  imagery.  They  must  also  accommodate 
the  performance  of  the  image  source,  and  itp  capabilities  to  adjust  fox  th«  relative  tranoreission 
efficiencies,  for  Light  arriving  at  the  eye  frem  the  display  image  source  or  the  outside  scene.  The  most 
often  used  f igure-of-merit  <F0K)  describing  the  quality  of  C/B  light  management  (derived  in  reference 
[22]),  is  again  listed  hero  in  equation  8  for  completeness  and  the  convenience  of  the  reader  who  might 
want  to  compute  hypothetical  caaeu  for  the  cyoteos  listed  in  Table  2,  Equation  B  specified  the  maximum 
amount  of  HMD  contrast  that  can  be  achieved  for  a  given  viewing  condition  and  the  coatings  design  used  in 
a  particular  HMD  design^  The  value  obtained  in  Equation  8.  can  be  convoluted  with  (multiplied  by)  the 
system  MTF  computed  for  the  CRT-drive  electronics  and  optica,  to  obtain  an  estimate  of  total  system  KTF 

[22.23] .  The  derivation  ot  system  MTF  relationships,  for  the  CRC/optica  combination,  has  been  explained 
in  reference  22,  and  will  not  be  repeated  here.  Values  far  Cd  of  0.2  to  0.3  are  generally  accepted  aa 
providing  enough  contrast  to  view  line  graphics  symbology.  Values  for  Cd  of  0.3  to  0.9  are  felt  to 
provide  enough  contrast,  to  portray  approximately  8  discernible  linear  V  2  cray  shades  of  ioBgery 

(22.23) , 

Insertion  of  a  lew  values  into  equation  S,  and  a  review  of  reference  22,  shouLd  be  auJcfieient  to 
emphasise  the  importance  of  the  type  and  quality  of  the  C/B  coatings.  Byatcaa  utilizing  a  combiner 
system  like  that  shown  in  18s,  such  as  system*  4  and  5  in  'fable  2,  are,  with  current  technology,  much 
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VIRTUAL  IMAGE  DISPLAY 
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FIGURE  16 

COHHOH  HMD  COMBINER  RELATIONSHIPS 


Cfl 


(10  x  (He) 

(Li)  X  (Re)  -4-  2(Lb)  x  <Tc) 


(8) 


WHERE:  CO  =  CONTRAST  {MAXIMUM)  OF  HMD  IMAGE 

Li  =  HMD  It4 ACE  SOURCE  LUMINANCE  PRIOR  TO  COMBINER 
Lb  =  BACKGROUND  SCENE  LUMINANCE 

Re  =  COMBINER  REFLECTANCE  COEFFICIENT  (*)  (FOR  VPD  HMD 
APPLICATIONS  NORMALLY  OPTIMIZED  FOR  P53  PHOSPHOR 
GREEN  EMISSION  PEAK) 

Tc  =  COMBINER  TRANSMITTANCE  COEFFICIENT  {*)  (TOTAL 
SCOTCPIC  TRANSMISSION) 

(')  FOR  WAVELENGTH  SENSITIVE  COATINGS,  INTEGRATION  OVER 
WAVELENGTH  IS  ASSUMED 


nore  efficient  light  management  systems,  since  they  <ly  net  suffer  the  approximate  75t  loss  of  luoinance 
at  the  beamsp litter r b  metallic  coating  surface,  as  Bhowu  in  l&b,  and  exeoplified  by  systems  2  and  3  in 
7abL«  1.  However,  for  the  jiane  FOV,  ay*t«ms  like  4  and  5,  which  uec  primarily  refractive  option  to 
convey  the  CRT  image  to  tbs  eye,  are  usually  much  heavier  than  catsiioptric  designs,  like  systems  2  and 
3,  Ab  described  in  |14J>  narrowband  high  efficiency  multilayer  dielectric  coacinga  have  been  developed, 
which  arc  tailored  to  reflect  the  primary  spectral  bund  of  CRT  phosphors,  such  as  P43  and  P53.  These 
coatings  allow  moat  of  the  external  anbieut  light  tD  paas  with  □  inimal  attenuation,  except  in  the  band 
aat  aside  for  reflection  of  the  CRT  image  source  Light.  A  drawback  to  theee  coatings  is  that  they 
require  combiner  designs  whore  the  incident  angle  of  the  icnage  source  light  is  almost  constant  across  the 
entire  FOY,  and  they  attenuate  a  wider  (60  to  SO  nencme tera)  bandwidth  than  desired  of  the  ambient  visual 
spectrum  [16],  A  relatively  new  type  of  ref lective/craas missive  layer,  dubbed  a  holographic  simple 
nirror,  has  recently  become  available,  and  attempts  are  being  made  to  incorporate  this  technology  into 
HKD  systems.  Holographic  simple  mirrors  are  made  from  volomp-pha.se  reflection  typ**  holograms  embracing 
photochemical,  interference  and  refractive  phenomena,  and  diffract  light  .is  conventional  mirrors  reflect 
light  (t>9],  They  seem  co  Hold  promise  for  moderating  the  angle-sensitivity  and  bandwidth  problems 
associated  with  multi-layer  dielectric  coatings  [09].  Kultilaycr  dielectric  coatingu,  with  wide 
reflective  bsndvidtha  ’’notch  out"  a  significant  portion  of  tbe  ambient  spectrum,  often  adding  a  slight 
pink  tinge  to  the  ambient  scene.  In  contrast,  the  holographic  mirror  technology  offerB  the  possibility 
oE  obtaining  very  narrow  reflective  bunds  of  10  to  20  naaoraeteto  or  leas,  which  can  be  tailored  Co  the 
primary  emission  peak  of  the  phosphor,  thus  allowing  transmission  of  more  of  the  outside  ambient  light. 
Antiref lection  (AR)  coatings  can  be  formulated  from  a  number  of  materials  [14,  15],  and  must  be  applied 
Co  prevent  unwanted  reflection*  that  cuutie  necoad  aurE*ce  glia* ting,  an  explained  In  [22],  Problems  with 
secondary  linage  ghosts  «tdy  be  further  reduced  by  striking  «m  appropriate  balance  for  the  attenuation  of 
ambient  light,  from  Che  outside  scene,  using  both  surface  coatings  and  continuous  absorptive  media 
throughout  the  combiner  material. 

An  additional  issue,  not  often  discussed  for  HMD  design  and  difficult  to  assess,  is  the  optical 
system  MTF  and  the  relevancy  of  data  supplied  by  the  optica'  manufacturers  concerning  MTF.  A  relation¬ 
ship,  that  cun  be  used  ta  compute  a  close  approxi nation  to  tested  optical  lyotcru  KTF  performance,  based 
upon  preliminary  optical  design  dafc9,  is  given  in  equation  9.  Using  system  2,  Table  2  as  an  exaaple, 
the  system  f*  would  be  16,9/21,  which  equals  D.S.  However,  enuatlon  9  must  he  modified  to  reflect  the 
uvulara  MTF  (  that  of  tho  ouanuruaent  uyatem/HMD  optica),  or  the  "relative  aperture"  of  the  ayutom.  A 
reasonable  setting  for  the  measurement  system  is  an  aperture  nC  Ant",  which  reflects  a  midpoint  for  the 
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eye's-  renge  of  pupil  sij&ta.  “be  of  cbe  mea jure Lieut  system  ia  Chen  16.9^4.  yhiih  equals  4.225. 

Using  the  wa^elenfth  fet  peilt  light  for  P53  phosphor  of  545  luinome teri  f D- DO-O S-A 5>- ctsa > a  equation  9 

gives  a  diffraction  Limited  resolution  o£  434  lp./jmflP  Uoin£  the  normalised  valut.*  £ot  HTFj.  for  an  ideal 
aberrat  ion  frtc  ayate-ro  ]  *1  ]  fc  a  function  of  percent  o£  cutoff*  given  iq  Table  3-,  one  may  plot  the  the- 
icEoaL  theoretical  MTT  cJr^ed  for  the  fi  HD/teat  instrument  at  ion  sy  store,  (as-guming  ir  ia  well  Corrected 
and  free  of  argnif icflnt  Aberrational  aa  aliopn.  in  Ptgjifc  19, 


TABLE  3 

ftMttALIZED  HTF  VALUES  AS  A  FUHCTIOH  OF  FEECENT  OF  CUTOFF 


PERCENT 

OF  CUTOFF 

MODULATION 

CONTRAST 

PERCENT 
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— 
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39,1 

FIGURE  19 
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The  bracketed  area  ol  Figure  19  highlight*  the  region  of  intercut,  where  the  nominal  performance  of 
current  CRT  image  sources  fall.  Current  miniature  CRTs  Teeolve  lee*  than  4  0  lp/ram.  Similar  plots  can 
be  made  foT  a  particular  HMD  design,  and  used  to  check  both  the  results  of  optica  acceptance  tearing 
and  combined  with  equation  3,  to  hypothesize  more  exactly  expected  HMD  system  performance.  It  muat  be 
stressed  that  the  curve  showD  depicts  highly  ideal  on-axis  conditions.  Mcaourrd  values  for  the 
bracketed  area  of  spatial  frequencies,  that  depart  markedly  (i.C.,  down  to  about  50  percent  response) 
from  the  representative  curve  shown  in  Figure  19,  do  not  necessarily  indicate  .in  inferior  optical 
design.  However,  Che  aircraft  sensor  system  designer  usually  insists  on  reserving  about  60  percent  of 
the  total  pcnaor/UMO  aystora  MIF  for  the  sensor  system.  The  implication  of  thio  requirement  for  the 
optical  design,  is  that  values  close  to  those  shown  in  Figure  19  must  be  obtained,  to  aLlow  total 
•System  MTF  requircocncn  to  be  cnot.  In  practice,  it  has  been  possible  to  achlove  such  values  for 
certain  HMD  optical  design*. 

COLOR 

The  incorporation  of  a  cotoc-corrccted  design  into  the  VPD  HMD  optica  is  certainly  a  desirable 
feature  because  color  image  source  inputs  can  add  significant  additional  information  and  cues.  Color 
icagery  cay  also  aid  "situation  awareness/'  especially  vhen  the  HMD  sensor  scene  i»  the  prinary  input 
from  the  outside  world.  Morn  importantly,  CRTs  using  narrowband  phosphors,  which  cay  have  significant 
spectral  caioaion  peaks  at  other  wavelengths  in  tha  visual  aprettue,  seed  not  be  filtered,  and 
therefore,  all  of  Clicir  light  can  be  vied  to  m9ximize  luminance  contrast  -it  the  display  combiner. 

However,  color^corrected  optica  usually  result  in  a  system  with  many  more  optical  element*,  increasing 
helmet  weight  significantly.  A*  Table  2,  shows,  only  one  of  the  five  7PD  HKD  breadboards  ie  a 
polychromatic  design  because  of  the  extreme  weight  penalties,  that  arc  associated  with  full  color* 
corrected  desiaos.  An  oven  more  important  factor  is  that  the  combiner,  meat  now  incorporate  lower 
efficiency  broad  spcctruo  reflect iv«  coatings  for  the  HMD  image  source  light,  and,  consequently,  the 
advantage  Of  using  s  narrow  bond  raf lactivc/broadba&d  craasmitfivo  coating  scheme,  to  maximize 
trannmtaaion  ©E  both  Che  image  OOutcc  and  ambient  light,  it  lost,  luminance  contrast  ration  between 
the  HKD  imagery  and  the  ambient  nct-ne  may  also  ba  reduced. 

Monochromatic  HMD  dcaignu  require  nnrrowbjnd  phosphors  to  avoid  lateral  and  axial  color.  Lateral 
color  artifact0  produce  a  blurred  sacond  image  of  a  different  color,  duo  Co  differences  in  image 
nagni f u.idico,  The  renulc  \n  dilferenc  image  *i*e*  foe  different  wavelengths  of  Light  (21),  Axial  color 
artifact#  show  up  a?  longitudinal  chromatic  aberration,  due  to  light  rays  of  differing  spectral 
wavelength,  undergoing  different  wmounta  of  refraction  f2i  ).  Those  color  aberrations  are  often  most 
noticeable  at  th©  edge  of  the  HMD  exit  pupil.  Tolerance*  for  axial  and  lateral  color  that  seem  to  hava 
worked  well  for  the  V?i>  syxcca*  are  providod  in  the  section  concerning  miscellaneous  optical 
specification*  in  Table  A. 

The  phosphor  of  choice  for  ch«  VPD  HMO  degigno  ho*  been  P53,  because  ot  it*,  extremely  rugged  thermal 
and  eolation  life  characteristics  and  luminous  efficiency.  The  yellow-grccn  primary  emission  spectrum  of 
P53  provide*  good  color  contrast  agaioat  colors  found  in  land/ace  terrain,  and  ie  close  to  wave  lengths, 
where  the  *»yr's  spectral  reapoase  it  at  a  maxinum.  P53  though,  has  significant  red  and  blue  emission 
peak*  which  cuat  be  removed  tor  proper  operation  with  the  VPD  HMD  ronccbroeae ic  design*.  For  *y«toms 
that  require  glass  CRT  faceplates,  attempt#  were  aod«  to  utilize  multilayer  coatings  developed  by  Optical 
Costing  Lsba  Inc.  (OCLI)  between  the  CRT  phosphor  and  faceplate  that  would  both  filter  out  the  red  or 
blue  peak*,  and  allow  mere  of  the  greeo  light  to  oxie  the  faceplate  (IS),  These  antihalation  coatings, 
when  used  with  a  compatible  sntircf lection  coating  on  the  outride  surface  of  cbe  faceplate,  also  enhance 
the  display  contrail t  obtained  fioa  glass  t*c-oplatca  CRT*.  Preliminary  experience  with  these  coating* 
shows  that  improved  cent  torn  and  luminance  aro  obtained,  but  some  residual  end  noticeable  rod  and  blue 
light  is  still  transmitted.  This  has  required  the  inclusion  of  a  green  t ranjimiad ive  filter,  to 
completely  suppress  rroaioing  red  or  blue  enlseioap.  For  VPD  HMD  monochromatic  designs  which  require  a 
shaped  liber  optic  tacaplate,  the  green  trenemiesivc  liltcr  ie  also  needed.  Doe  of  the  CCL1  coatings 
with  fiber  optic  faceplate  oyscena  has  not  been  possible  to  date,  because  their  physical  properties  do 
not  provide  nrcesnary  tolerance  to  the  high  temperatures  to  which  the  coacings/f acnplaco  are  subjected 
during  the  coating  deposition  process. 

MI&CKI.LAMHCXJS  VPD  OPTICAL  SY3THH  SPECIFICATIONS 

Remaining  miscellaneous  VPO  HMD  system  parameters  und  suggested  tolerance*  that  have  produced 
satisfactory  result*  lor  Che  breadboard  systems  listed  in  Table  2  are  liiCod  in  ?nble  4.  Some 
additional  explanation  should  be  given  here  concerning  the  requt remvnt  for  IPD  .idjustracnt  and  alignment 
fallowed  divergence,  dipvergcoce,  etc.).  The  calculation#  fur  maximum  exit  pupil  eixe,  covered 
earlier,  do  not  include  provision  toe  centering  tho  HXD  exit  pupil*  Cor  on  individual'.*  eye  center-to- 
cantor  distances.  Iatarpupi  1  lary  distances  vary  from  between  35  to  74  millimeters  for  tbs  1st  to  99th 
percentile  for  adult  humans,  so  *o»e  reasonable  allowance  must  be  i*4«lc  for  this  variation  to  preveot 
vignetting,  while  minimizing  the  range  of  adjustment  allowance,  which  can  hove  a  significant  inpscc  on 
the  heloet/diaplay  optics  interface  and  ayatem  weight.  The  variation  given  in  Table  4,  specific*  a 
rang©  Chat  appears  to  hava  produced  satisfactory  results,  but  should  not  be  considered  definitive. 

Alignment  tolerances  arc  also  felt  to  be  critical,  because,  while  huasn  accommodative  Crocus)  and 
convergence  powers  are  Substantial,  failure  to  insure  proper  alignment,  cay  result  in  fatigue  and 
psychcvisuol  problaao  of  unsuspected  origin  during  extended  operational  use  of  a  misaligned  nvatra. 
Divergence,  which  is  an  unnatural  and  difficult  condition  for  Che  eyes,  should  be  sec  to  zero,  This  ie 
normally  easily  accompli  shed,  because  the  binocular  RKD  is  adjusted  to  error  toward  some  convergence, 
during  Ejechanteal/elcctrooic  alignment.  However,  convergence  can  produce  felon  stereoscopic  cues  between 
Che  monoculars  and,  therefore,  should  also  bo  minimized,  A  reasonable  convergence  sotting  should  produce 
an  accommodation  error  of  loss  than  a  tenth  diopter.  This  sotting  can  be  computed  using  the 
relationship,  that  convergence  distance  in  millimeters,  equals  the  inteTpupillery  distance  (INI)  in 
millimeters  divided  by  tho  convergence  error  in  radians.  For  a  nominal  IPD  of  63  millimeters,  and  12  arc 
minutes  o£  convergence,  a*  given  in  Tabic  4,  tho  convergence  distance  ia  10,933  millimeter*  or  10.9 
meter*.  Since  diopters  cquaL  the  reciprocal  of  distance  in  meters,  the  convergence  error  represents 
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less  than  a  tench  diopter,  which  iu  an  appreciably  smaller  error  chan  Chat  in  prescription  spectacles, 
it  remain*  Cor  operational  coating  of  the  VPS  binocular  HMD  to  verify  chat  this  criteria  provides 
satisfactory  result*,  or  should  bo  modified.  Divergence  should  alao  be  made  40  close  Co  tore  a* 
possible  to  prevent  mismatch  between  symbology  or  scan  lines,  Normally,  a  dimensional  tolerance  of  one 
scan  line  width  (about  J  arc  minutes)  in  desired,  but  cannot  be  provided  by  Che  optics/heudgear 
adjustment*  alone,  as  proper  electronic  alignment  petteroa  and  adjustment  capability,  must  be 
incorporated  into  the  CRT  display  electronics. 


TABLE  A 

Sl'KMASY  OF  MlSCSLLAHfCUS  RCQOIRttUtirpS  FOR  77 D  HKD  OPTICS 


ABERRATIONAL  DISTORTION 

CENTER  . . . . UP  TO  0.2  PERCENT 

MAX  OFF-AXIS .  UP  TO  0.5  PERCENT 

COLOR  (MONOCHROMATIC  APPROXIMATION) .  535-555  NANOMETERS 

AXIAL  COLOR . - .  LESS  THAN  1.5  ARC  MINUTES 

LATERAL  COLOR .  LESS  THAN  3.0  ARC  MINUTES 

MAGNIFICATION  IMBALANCE  FOR 

BINOCULAR  DISPLAY  CONFIGURATIONS . .  LESS  THAN  1  PERCENT 

SEE-THRU  DISTORTION . . . .  LESS  THAN  2  PERCENT 

MAXIMUM  CONVERGENCE/OIVERGENCE -  12/0  MINUTES  OF  ARC 

MAXIMUM  DIVERGENCE . . . 6  MINUTES  OF  ARC 

PERIPHERAL  VISION  OCCLUSION .  MINIMIZED 

IMAGE  TO-GHOST  RATIO  .  120/1 

MAXIMUM  ACCEPTABLE  LIGHT  IMBALANCE .  0.5  PERCENT  (OPTICS  ONLY) 

BINOCULAR  IPD  ADJUSTMENT . . - .  58  TO  72  MILLIMETERS 


vra  HMD  ihac*  30bsck 

As  explained  earlier  during  the  discussion  concerning  VPD  design  alternatives  (aes  Figure  3),  the  HMD 
with  head  mounted  image  source  was  selected  is  the  only  viable  alternative,  given  the  current  state  of 
technology.  Cre.lt  strides  are  being  made  with  solid  ntatr  image  sources,  and  laser  generated  displays 
loom  on  the  horizon  aa  a  potentially  powerful  alternative.  Even  so,  significant  advancenenco  have  also 
been  made  in  miniature  CRT  technology,  which  still  makes  them  the  current  beat  choice  for  a  VPD  IIM0 
application.  Resides  their  basic  light  conversion  efficiency  and  resolution,  there  are  other  reasons  for 
aclectiog  the  CRT.  One  is  that  CRT  imago  source  technology  does  not  Impose  4  strict  allocation  of 
display  elements  across  che  display  format  whose  relative  siie  and  activation  characteristics  are 
fixed.  Therefore,  bocizontal/vertical  smoothing  (antialiasing)  technique*,  may  be  Applied  to  smooth 
the  appearance,  of  straight  edges  (particularly  fcoa  ean-mjde  objects),  that  cross  the  scanning  format  . 
diagonally,  producing  staircasing  effects  And  visual  artifacts.  Generally,  a  solid  state  display 
requires  several  times  the  inherent  resolution  of  a  CRT  to  match  the  appsreet  smoothness  of  Che  CRT's 
imagery.  Since  current  miniature  CRTs  css  provide  in  excess  of  1  million  resolution  eleeeatu,  solid 
state  displays  for  HMDs  have  significant  performance  barriers  to  overcome.  In  smell  sizes  they 
currently  bavo  ouch  lowor  resolution  thao  CRTs.  In  addition,  a  CRT  image  source  say  present  randomly* 
written  vector  graphic  information,  providing  only  smooth  line  segment*  at  any  orientation  on  the 
display.  This  symbology  ssy  be  updated  at  refresh  rates  ouch  higher  than  normal  video  field  rates  to 
achieve  much  brighter  peak  line  luminance  levels  for  daylight  viewing,  This  is  possible  by  taking 
advantage  of  optimum  charge  pumping  techniques,  which  gome  of  the  new  rare  earth  phosphors  permit  [04J. 
For  these  reasons,  only  the  CRT  image  sourer  ie  considered. 

Figure  20  depicts  the  direct  impact  on  miniature  CRTs  of  certain  image  source  parameters  due  to  the 
requirements  for  good  display  contrast  and  resolution  on  the  HMD,  especially  when  employing  a  sec- 
through  combinar.  CRT  bins  widths  must  bo  kept  small,  and  active  area  Format  alias  made  to  large  aa 
possible,  given  an  overall  maximum  allowed  CRT  diameter  of  about  one  inch.  Line  rates,  refresh  rates 
and,  as  podoible,  anode  potentials  must  bo  increased  to  balance  resolution  and  Light  conversion 
ef ficieneiee.  At  the  seme  tiaa,  faceplate  contrast  muse  be  preserved  so  Chat  individual  adjacent 
resolution  olemeoea  remain  distinct  and  discernible  to  the  cya.  This  require*  a  high  efficiency,  fine 
grain  size  phosphor  formulated  for  Optinus  light  emission/ transparency  and  thermal  conductivity, 
coupled  with  a  faceplate  system,  such  as  chose  using  fiber  optics,  which  Offer  improved  contrast. 

To  bring  about  substantial  performance  gains  in  the  CRT  during  the  VPD  HMD  effort,  an  attempt  was 
made  through  a  number  of  studies  I0A,17,18|,  to  Identify  major  problem  areas,  where  improvement  had  to 
he  made.  These  are  listed  in  Tsble  5.  Improvements  in  the  problem  areas  listed  in  Table  S,  had  to  be 
mado  in  the  context  of  tho  design  limitations  imp»sed,  by  tha  electromagnetic  def leeciontSMt)/ 
electrostatic  focus  loos  (ESFh)  system,  which  has  been  found  to  bo  moat  suitable  for  miniature  CRT 
applications.  A  representative  CRT  design,  showing  the  major  relationships  bntwnen  internal 
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coaponentB,  is  diagramced  in  Figure  21,  Although  new  and  pronising  alternative?  arc  being  investigated 
US],  nearly  all  ESFL  deaignB  for  CRTa  UBe  either}  (1)  bipotential  LenaeB  or,  (2)  unipotential  or 
cinr.ol  lonBc.i.  In  general,  better  center  resolution  is  achievable  with  bipotcntial  lctia  CRTs  than 
unipotential  lene  CRTs,  because  of  the  more  favorable  beam  diameter  magnification  value  asaociated  with 
bipotential  lens  designs  [17,16]4  A  first  cut  r«c  determining  Che  magnification  end,  therefore,  beam 
epot  size  (ignoring  the  effects  of  the  phosphor  fsicopl*e«?  ayptem)  ony  b*  ande  rb  shown  in  equations  JO 
through  12. 
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F1CURE  21 

REFKESEHTATIVE  EMD/E5FL  BIPOTEI.TLAL  LEh'S  HlittArCKE  CRT 


GEOMETRIC  MAGNIFICATION  =  M,  s  Q/P 


(10) 


=  DISTANCE  FROM  DEFLECTION  CENTER  TO  SCREEN 
=  OISTANCE  FROM  G,/G£  CROSSOVER  TO  DEFLECTION  CENTER 


ELECTRONIC  MAGNIFICATION  -  M?  j.  (V-fV4) 


(11) 


=  CRT  FOCUS  VOLTAGE 
«*  CRT  FINAL  ANODE  VOLTAGE 


OVERALL  MAGNIFICATION  =  M3  =  M,  x  M2 


(12) 
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Tor  the  CRT  shown  in  Figure  21,  which  might  Opernee  ae  an  acceleration  potential  of  13  kilovolts,  and 
nominal  focus  potential  of  2.5  kilovolts,  a  value  for  M,  of  0.266  ia  obtained,  this  value  may  bo 
milciplied  by  the  virtual  crossover  diameter,  supplied  by  the  CRT  manufacturer,  to  determine  s  First 
order  approximation  to  spot  size,  ignoring  phosphor/ faceplate  systen  contributions,  Unipotential 
lenses  give  better  center— to-edge  uniformity  than  bipotential  lenses  [17,13],  This  advantage  can  be 
overcome  by  using  shaped  fiber  optic  faceplates,  which  minimize  deflection  defocusing  and  using  dynamic 
focus  voltage  correction,  which  minimizes  focus  lens  aberrations  while  maintaining  the  significant  apoc 
mioificution  advantage  demonstrated  by  equation  11.  Therefore,  far  the  VPO  PMD  effort,  bipoCcnti.il 
lens  designs  were  given  primary  emphasis. 

An  accepted  method  of  determining  a  FOH  for  CRT  performance,  which  ia  in  essence  one  For  Spot  size 
or  resolution,  for  a  given  luminance  level,  is  to  determine  the  RSS  ( square  root  of  the  sum  of  the 
squares!  of  the  individual  contributing  factors  to  CRT  spot  size.  Such  a  relationship,  presented  in 
slightly  different  Form  in  many  references  [12,17,18],  and  taken  from  [18],  ia  given  in  aquation  13. 

Tor  the  VPO  effort,  the  rrsjoc  design  emphasis  focused  on  maximising  the  CRT’s  final  anode  potential, 
while  remaining  within  safe  operating  limits,  investigating  the  effects  of  increasing  Che  G^  voltage 
and  raising  cutoff,  maximizing  the  effective  cross-sectional  area  of  tho  focus  !m,  improving 
deflection  yoke  characteristics,  and  optimizing  phosphor  grain  size. 'composition,- ^deposition  techniques. 

61  TOT  =  d1«0RD  4  dSPHER  +  dASTIG  4  dSPCHG  +  dPHC5SCfl  (13) 
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DIAMETER  OF  SPACE  CHARGE  CONTRIBUTION 
CIAMETER  OF  PHOSPOR  SCREEN  CONTRIBUTION 


Raising  the  final  anode  potential  tif fectivcly  provided  more  luminance  for  Che  same  beam  current. 
Utilization  of  a  lower  current*  and  a  higher  voltage  operating  mode  meant  that,  for  particulate 
phosphor  screens,  longer  phosphor  Life  was  achieved.  Also,  at  12  kilovolts  or  core,  space  charge 
Spreading  cf facte,  became  negligible  with  the  beam  currents  and  beam  travel  distance*  found  in  miniature 
CRTs.  However,  the  higher  anode  potentials  meant  a  stiffer  beam  for  the  uagaetic  deflection  yokee  to 
steer.  Therefore,  new,  higher  current,  low  inductance /low  capacitance  deflection  yokes  were  designed 
HO].  Thcae  new  yoVcu  alao  run  cooler  J»t  higher  deflection  coil  Currents.  The  deflection  yokes  arc 
driven  by  appropriate  highly  linear  deflection  electronics  circuitry  that  can  support  the  high  video 
line  rates,  often  needed  for  VPO  applications. 

Maximum  focua.  lens  diameters  and  gun  limiting  aperture*  have  been  success  fully  implemented  in  an 
integrated  CRT  design  (17,16).  These  improvement*  coupled  with  shaped  faceplates,  the  implementation 
of  dynamic  focus  correction  into  the  CRT  drive  electronics,  and  lengthening  the  CRT  slightly  so  that 
the  deflection  yoke  assembly  does  not  overlap  the  focus  len$  element  f 10 ) ,  have  effectively  reduced 
iberrattonol/oAtiinacisui  contributions  to  about  10-15  percent  of  the  total  spot  size.  This  may 
represent  s  practical  limit  to  a  reduction  of  these  contributions  to  spot  sice,  and  left  only  jFiret 
order  contributions  and  phosphor  ecreen  effects,  where  further  reductions  might  be  obtained.  * 

The  major  factors  that  contribute  to  first  order  spot  sise  are  interrelated  and  expressed  by 
LangQuir's  equation  Uqu&cioti  A3. 19,  reference  112)),  as  given  here  by  equation  14.  Its  form  ia 
derived  for  narrow-angle  beam  aaoumpC iona;  i.e.,  higher  order  contributions  to  Spot  size  arc 
negligible,  because  the  radial  displacement  and  angle  of  the  bean  are  kept  s-aall  (18).  Equation  14 
then  represent*  an  upper  Limit  for  display  performance  (ignoring  phosphor  screen  contributions),  and, 
Once  n  CRT  has  been  optimized  for  a  given  SCt  of  Operating  characteristics,  indicates  the  only  possible 
ways,  that  higher  current  densities  (more  luaiaance  for  a  given  spot  Bize)  can  be  achieved,  A  closer 
look  at  equation  14  shows  that  there  9re  easenciaLLy  four  parameters  which  may  be  varied  to  increase 

P,  =  Pc  [(eV/kT)  +  1)  sir’-  0  (14) 


WHERE:  P4  =  PEAK  CURRENT  DENSITY  AT  SCREEN 
Pc  =  PEAK  CURRENT  DENSITY  AT  CATHODE 


V  =  FINAL  ACCELERATING  POTENTIAL 

T  =  CATHODE  TEMPERATURE 

9  =  ELECTRONIC  CHARGE 

k  =  BOLTZMANN'S  CONSTANT 

0  =  MAXIMUM  HALF-ANGLE  OF  CONVERGENCE  AT 
CRT  SCREEN 
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peak,  current  density  at  the  phosphor  screen;  (1)  increase  the  Acceleration  potential,  <2)  incresae  the 
*ur1c  of  convergence  at  Che  screen,  (3)  reduce  the  operating  temperature  of  tho  cathode,  and  <4) 
increase  the  peak  emission  current  capability  of  the  cathode.  The  acceleration  potential  haa  already 
been  raised,  and  13  kilovolts  appears  to  be  a  maximum  reliable  operating  potential.  Modifications  to 
the  triode  and  focus  lens  design  within  the  allowed  dimensional  limits  of  miniature  CRTs,  have  also 
brought  the  angle  of  convergence  to  near  its  absolute  maximum.  Therefore,  the  designer  is  left  with 
the  option  of  reducing  the  object  bean  diaocter.  A  practical  vsy  to  accomplish  this  reduction  in  to 

reduce  the  Gj  aperture  (see  Figure  211,  which  increases  Che  peak  cathode  loading.  Projections  for  peak 

cathode  loading  in  advanced  CRT  designs  currently  predict  peak  emission  densities  of  5  to  10  aops/co  , 
which  is  well  above,  Choc  which  can  he  obtained  for  standard  oxide  cathodes,  providing  reasonable  life 
characteristic*  118).  The  aearch  for  cathode  designs,  that  can  meet  these  operating  requirements  is 
perhaps  the  chief  remaining  breakthrough  to  be  achieved  for  miniature  CRTs  with  the  performance  needed 
to  accommodate  moat  VPD  applicac ions. 

The  remaining  area  left  for  obtaining  performance  improvements  i$  the  phosphor  screen 
characteristics.  A  significant  impediment  to  past  performance  improvements  in  this  srea,  had  been 
knowing  what  the  actual  bean  diameter  was,  just  prior  to  bear*  impact  on  the  phosphor.  This  dimension 
could  then  be  compared  to  the  spot  site  of  light,  emanating  from  the  phosphor,  after  impact  of  the 

beam.  At  Che  start  of  Che  VVO  effort,  AAMRL  had  a  significant  parallel  effort  with  AT&T,  Bell 

Laboratories  to  develop  improved  versions  of  single  crystal  phosphors  (SCP)  that  had  superior  thermal 
characteristics  and  did  not  suffer  coulombie  degradation  which  causes  diminishad  light  output  for  Cha 
same  power  input.  Their  cuthodoluwiescent  qualities,  also  produced  a  spot  of  light  chat  was  almost  the 
same  diameter  as  Che  electron  beam  spot,  iopingiog  on  the  rear  surface  of  the  phosphor  [04).  While 
these  materials  exhibit  superior  contrast  sc  all  drive  levels,  they  have  aot  produced  the  external 
Luminous  efficiencies  originally  hoped  foe.  However,  they  have  proven  to  he  very  significant  design 
tools,  and  have  provided  important  technical  insight  into  tbs  improvement  of  particulate  phosphor  CRT 
screens.  Fabricated  in  split-screen  versions,  where  one-half  of  the  CRT  screen  has  an  activated  SOP, 
and  Che  other  half  a  given  formulation  of  a  particulate  phosphor  the  CRT  designer  could  then  know  the 
contribution  to  spot  size  made  by  die  particulate  phosphor  by  measuring  the  change  in  spot  sise  as  the 
electron  beam  scanned  across  the  two  media.  This  has  alLoved  the  importance  of  a  number  of  particulate 
phosphor  parameters  to  be  invest i gated,  including;  (1)  the  optimization  of  phosphor  thickness,  and 
therefore,  its  transparency  to  Light  generated  by  the  c”be»m  for  a  given  acceleration  potential,  (2) 
the  optimisation  of  grain  size  oixturea,  to  achieve  high  resolution,  high  luminous  efficiency,  good 
thermal  conductivity  and  good  operating  life  characteristics,  and  <3)  Che  evaluation  of  phosphor 
deposition  processes  that  yield  good  percent  coverage  of  the  screen,  end  optimized  phosphor  grain 
packing.  These  processes  although  much  refined,  are  still  undergoing  further  improvement. 

Figure  22  depicts  the  performance  gains  achieved  Tor  an  improved  miniature  CRT  developed  as  part  of 
a  joint  AAHRL/Hughea  Aircraft  Company  development  program.  For  the  reference  CAT,  shown  in  figure  22, 
Measured  at  50  percent  psak  Luminance  line  width.*  of  0.75  mils  (19  microns)  and  l  .0  mils  (25.4 
microns),  luminances  of  1100  and  1300  fc. -Lamberts  were  obtained.  For  the  improved  CRT  measured  at  the 
same  line  width  conditions,  peak  line  luminances  of  approximately  4300  and  7350  ft. "'Lamberts 
respectively,  were  achieved. 

The  peak  line  luminance  POM  is  useful  for  indicating  iMprovements  mode  for  operating  condition* 

Chat  might  be  expected  of  en  HMD  for  the  presentation  of  symbology  under  daylight  viewing  conditions. 
CRTs  of  this  type  are  also  expected  to  provide  similar  improvements  for  raster  imagery  presentations. 
However,  comprehensive  CRT  oeasureoent  at  different  spatial  frequencies  and  luminance  conditions,  made 
with  CRI  drive  electronics  which  arc  capable  of  preserving  Che  inherent  performance  of  these  new  CRTs, 
were  not  available  in  time  to  include  here. 

Operating  a  miniature  CRT  sc  tha  high  luminance,  high  current  levels  indicated  in  Figure  22  doss 
exact  n  toll,  primarily  a  shortened  operating  life.  The  current  family  of  improved  CRTs  is  expected  to 
provide  only  70  to  80  percent  of  its  peak  performance  after  400  Hours  of  operation.  The  prime  culprit 
appears  to  be  the  emission  characteristics/life  of  tho  cathode,  and  not  cculo^bic  degradation  of  the  : 
phosphor.  Improved  cathode  aaceriala  and  designs,  such  aa  new  low  noise  variants  of  dispenser 
cathodes,  which  operate  at  power  levels  that  do  not  produce  severe  grid  emission,  ere  being  sought,  but 
no  clear  replacement  tor  refined  high  grade  oxide  cathodes  has  been  firmly  established.  At  the  same 
time,  further  iterations  in  electron  gun  design  sod  phosphor  screen  compositions  arc  expected  to 
produce  further  improvements  of  at  Least  20  percent  above  the  CRT  performance  depicted  in  Figure  22  by 
the  first  half  Of  1988. 

INTEGRATED  HELMET  SYSTEM  (LHS) 

GENERAL  CONSIDERATIONS 

During  the  VPD  UNO  development  it  was  determined  that  a  tnicceflsfuL  VPD  design  effort  would  require 
the  design  of  a  he L met  which  optimized  the  integration  of  the  optica  and  image  source  components  about 
the  head.  Other  rcquiruMents,  such  as  the  need  to  d.<  mount  rate  a  helmet  system  that  protected  the  human 
in  hostile  chemical  and  biological  environment 6,  also  had  an  impact  on  the  types  of  heLaiet  systems  that 
wore  evolved.  Indeed,  probably  almost  all  HMD  app Licotiono,  including  narrow  FOV  HMDs,  would  benefit 
substantially  fron  a  custom  integrated  helmet  system  design.  A  perfect  example  is  the  Kaiser,  Inc. 
"AfciLe  Eye**  helmet  system  which  incorporates  a  helmet  pooition/orientation  system  and  n  HMD,  which  can, 
for  two  different  design  variants,  provide  a  monocular  vicor  projected  display,  with  an  instantaneous 
circular  FOV  of  either  12  or  2D  degrees.  Because  of  the  no-all  FOV,  this  system  was  iibLc  to  improve 
upon  helmet  weight  and  CG  characteristics  currently  found  in  unmodified  operational  flight  h« lasts 
Intended  for  use  in  fighter  aircraft. 

For  the  VPD  effort,  the  integrated  helcset  design  attempted  to  provide  the  accessary  operational 
safety  while  minimizing  weight  and  optimizing  CC,  enhance  the  operation  of  VPD  components,  minimize 
the  impact  of  environmental  factora  on  the  visua  L /auditory  fund  ions,  and  tin  possible,  provide  the 
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necessary  comfort  for  extended  periods  of  wear*  Design  features  and  considerations  that  proved  to  be 
oost  important  to  the  successful  integration  of  each  optical  system  design  were  as  follows: 

1)  The  selection  and  performance  of  (he  HMD  optics  design 

2)  The  helmet/optics  head  stabilisation  methodology 

3)  Helmet/optics  interface  issues  effecting  adjustment  capability  for  the  optics 

4)  Basic  helmet  design  alternatives 
SELECT! OH  07  HMD  OPTICS  DESICH/ PERFORMANCE 

The  selection  of  a  particular  optical  design  configuration  is  just  as  important  as  its  required 
performance  in  its  effects  oo  the  effectiveness  of  the  final  system  hardware.  The  aelectione  made 
often  affect  head/helmet  CG  more  than  weight.  Figure  23  illustrates  the  moot  feasible  HMD  optical 
system  configurations.  The  location  of  the  optical  system's  head-mounted  image  sources  imply  a 
particular  relay  optics  design  to  bring  the  image  to  the  human's  eyes.  Location  1,  which  indicates  a 
mounting  location  anywhere  across  Che  top  or  crown  of  the  helmet,  permits  a  reasonably  simple  and  short 
relay  optics,  but  results  in  a  significant  modification  of  the  head/helmet  CG  and  a  "topheavy"  feeling. 
Locations  2  and  3  still  normally  utilise  relay  Optics  of  modest  complexity,  hut  are  located  lower  on 
the  head,  and  have  a  lesser,  but  still  significant  (especially  location  3)  effect,  on  heed/helmet  CG.  A 
problem  with  location  2,  is  that  it  normally  occludes  peripheral  vision,  and  therefore,  necessary 
peripheral  motion  cues  that  arc  important  to  military  pilots  during  the  performance  of  low  level  and 
hovering  flying  tanka.  One  noteworthy  advantage  of  location  3  is  that  it  provides  Che  optimal  path  for 
achieving  large  HMD  vertical  POVs.  However,  it  also  presents  a  more  difficult  problem  for  eliminating 
stray  images  emanating  directly  from  the  relay  optics  to  the  eyes.  Location  A  provides  an  optimal 
location  for  achieving  "operationally  poaitive"  modifications  to  the  head  helmet  CG,  but  results  in 
excessive  helmet  weight  for  a  given  POP.  This  happens  because,  in  supporting  Che  high  resolution/ large 
POV  operating  conditions,  either  heavy  refractive  optics  or  fiber  optic  image  conduite,  muee  b«  uoed  to 
relay  the  CRT  images  to  the  eyes.  Location  5  presents  a  compromise  that  permits  shorter  fiber  optics 
conduits  or  reaaonably-aised  high  efficiency  refractive  relay  optica  to  be  used,  while  acllL  resulting 
in  a  head/helmet  CG  modification  that  is  altered  in  a  desirable  direction,  normally,  location  5 
employe  a  refractive  relay  optics  design,  that  carries  the  CRT  image  up  and  over  the  ear,  to  the 


display  combiner  without  significant ly  occluding  pcriphac.il  vision.  The  VPD  helmet  systems  described 
in  this  paper  have  made  use  of  only  mounting  locations  1,  3,  and  5. 
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FIGURE  23 

ihs  mount  eve  locations  for  vpd  gkd  components 

The  alteration  of  head/he l set  CC  is  a  critical  parameter  affecting  the  selection  of  the  HMD  optical 
design.  The  VPD  program  is  now  in  the  breadboard  stage,  where  designs  and  mater iala  ace  fluctuating, 
and  it  haa  not  been  possible  to  predict  hcad/haloet  CC  modifications,  based  upon  dimensional 
predictions  of  helmet  relationship®  and  the  densities  of  the  material*  used.  Instead,  the  breadboards 
are  being  completed,  and  then  the  Mass  Properties  Inatrucent  built  by  Space  Electronic*,  Inc.  and 
located  at  AAMRL,  ia  being  u»rd  to  measure  the  center  of  mass/gravity  and  dotcrninc  nuss  momenta  and 
products  of  inertia.  These  measurements  will  then  be  need  to  predict  CC  baaed  upon  desired 
modifications  to  a  given  design,  as  improved  ayateoe  are  fabricated  for  operational  testing. 

One  additional  important  consideration  chat  Can  have  o  direct  impact  on  integrated  system  design  is 
the  susceptibility  of  the  optical  design  to  array  light.  Stray  light  pathe  can  produce  unwanted 
reflectiona  of  ambient  structure®  within  Che  HMD  POV  that  compete  in  <1  very  objectionable  manner  with 
the  display  imagery.  The  two  major  factors  affecting  this  problem  are  the  selection  of  the  image  path 
for  a  particular  optical  depi&n,  and  the  eye  relief  provided  for  the  display's  combiner.  Greater  eye 
relief  leads  to  core  severe  problem®.  Light  originating  from  behind  helmet,  or  overhead  often  presents 
the  moat  aevere  problem.  These  problems,  cannot  bo  fully  corractad  through  the  use  of  antircflccti vo 
coatiogB,  sad  usually  require  the  addition  of  opaque  sections  around  the  optica  or  the  extension, 
and/or  thickening  of  the  helmet  shell/liner  combination,  to  bLock  objectionable  stray  light  paths. 

HELMET  STABILIZATION 

The  inclusion  of  relatively  large  exit  pupils  and  IPD  adjustment  in  tho  optica/heloet  deaign  ia  not 
enough  to  insure,  during  normal  viewing/operating  conditions,  that  the  helmet  ay stem  will  not  move 
sufficiently,  thus  vignetting  a  portion  of  the  display's  instantaneous  FOV.  Therefore,  some  sort  of 
stabilisation  scheme  nuat  be  incorporated.  While  there  are  several  options,  the  approach  choBea  for 
the  VPD  HMD  effort  was  one  which  incorporated  an  oxygen  mask  that  could  ba  rigidly  held  with  rcnpccC  Co 
the  rear  portions  of  the  helmet,  ao  suggested  by  the  helmet  concept  illustrated  in  Figure  23.  This 
arrangement  allows  a  rigid  lover  arm  to  be  formed,  between  the  nape  of  the  neck  and  the  bridge  of  clie 
nose,  that  resists  both  vertical  and  sideways  movement  of  the  helmet.  This  scheme  has  proved  to  be 
very  successful,  4nd  eliminate®  moat  helmet  position  hysteresis  following  rapid  head-slaving  movements. 
Comfort/ facial  access  must  also  be  considered,  and  most  designs  allow  a  mask  design  that  can  be  opened 
to  one  aide,  although  «i  design  employing  counting  location  3  sometimes  effectively  eliminate*  this 
option.  An  additional  benefit  of  this  type  of  helmet  design  is  that  the  optical  design  and  associated 
adjustment  requirements  nay,  through  the  rigid  mask  deaign,  be  referenced  to  the  bridge  of  the  no«e. 
This  scheme  offers  one  of  Che  ooet  stable,  reliable  reference  methods  for  the  eyes,  given  human 
anatomical  characteristics. 
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HELHBT/OPTICS  INTERFACE  ISSUES 

Three  types  of  Adjustments  must  bo  provided  to  properly  position  Che  optics  with  respect  Co  the 
eyes:  hocls0rtt.nl  (IPD),  vertical,  and  depth  (eye  relief!  adjustments.  IPD  requirement*  have  already 

been  discussed  in  sufficient  detail,  except  to  stress  that  the  helmet  system  must  permit  separate 
independent  adjustment  of  ©ach  monocular.  And  Che  Adjustment  must  be  parallel  and  colinear  to  insure 
th.it  misalignment  of  the  binocular  acane  Hoes  not  occur  for  different  adjustment  point*,  anywhere  in 
the  allowed  range  of  movement.  Vertical  and  depth  adjust cent©  imply  a  personalised  custom  mounting 
acheoe.  For  the  '.'PD  designs,  this  has  been  accomplished  through  the  use  of  a  custom  "thermal  plastic 
liner  (TPL),"  developed  by  Centex,  Inc.,  and  inflatable  air  bladder*  whose  internal  pressure  may  be 
controlled  through  the  use  of  a  miniature  helmet-mounted  finger  pump  and  valve  assembly,  operated  while 
viewing  alignment  patterns  an  the  display  optics.  Investigations  aimed  at  determining  whether  this 
counting/ adjustment  technique  provides  the  desired  amount  of  stability  and  comfort  are  ongoing.  Major 
features  of  the  VPD  IRS  are  depicted  in  Figure  24. 


FEATURES: 

1.  LIGHTWEIGHT  KELVAR  SHELL 

2.  PLENUM  (PART  OF  LAYERED  SHELL. 
AIR  DUCT  FOR  VENTILATION] 

3.  STYROFOAM  LINER 


4.  PROTECTIVE  POLYCARBONATE  VISOR 
5  OXYGEN  MASK  ASSEMBLY 

6.  HEADPHONE  EAR  CUP  ASSEMBLY 

7.  TPL  CUSTOM  FITTED  LINER 


8.  AIR  HOSE  CONNECTOR 

9.  FINGER  AIR  PUMP  FOR  EARPHONE/ 
DISPLAY  ADJUSTMENT  BLAODERS 

10.  EARPHONE  ADJUSTMENT  BLADDER 

11.  VERTICAL  ADJUSTMENT  BLADDER 
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OeSLMKT  OKSICIf  ALTERNATIVES 

The  integration  of  Che  VPD  optical  prototypes  into  representative  military  headgear  Bya tenia,  uaing 
advanced  Lightweight  Kevlar  shells,  baa  resulted  in  a  number  of  interesting  helmet  configurations. 
These  designs  ware  driven  by  a  number  of  conaiderstions,  including  the  desire  to  achieve  the  largest 
FOV/exit  pupil  for  a  given  HMD  design  approach,  expected  operational  conditions  in  flight  teat 
aircraft,  abuse  that  normal  personal  equipment  undergoes,  difficulties  with  donlng  complex  helmet 
systems  of  this  type,  safety,  particularly  for  rapid  egress  from  «  damaged  sir  vehicle,  and  the 
physical  properties  of  the  designs  as  diacuaaed  for  CG,  etc.  Several  of  the  Dare  interesting  IRS 
breadboards  are  presented  here  in  Figures  25, .26,  and  27  tor  $ysteu$  3,  2,  and  5  respectively,  from 
Table  2. 

The  Dual  Mirror  system.  Figure  25,  provides  the  second  largest  FOV  of  any  of  the  designs  and 
achieves  the  lowest  optical  system  weight.  It*  design  la  closely  integrated  with  the  oxygen  mask, 
which  aide  in  referencing  the  optical  alignment  to  the  eyes,  but  complicates  the  ability  to  remove  the 
mask  when  the  helaet  is  worn.  The  close  integration  with  the  mask,  led  to  a  rear  entry  design,  which 
eliminates  cumbersome,  overhead  doning  of  the  helmet  and  aereamline9  the  placement  of  the  oxygen  maBk 
and  optics  over  the  face.  The  fold*  *nd  contours  of  the  helmet  shell  at  it*  base  provide  rigidity, 
while  reducing  Che  number  of  Kevlar  plys  which  must  be  used.  The  thickness  of  the  helmet  liner  has 
been  increased  to- provide  improve  headform  acceleration  performance,  and  to  reduce  unwanted  reflections 
in  Chn  boamsplic ter  due  to  stray  light  originating  Fro»  above  and  behind  the  helmet. 

The  Cat  ad  top  trie  system,  shown  in  Figure  26,  has  a  10  percent  smaller  FOV  than  the  Dual  Mirror 
syseeo,  but  provides  much  greater  eye  relief  and  improves  toege  source  transmission  efficiency  by  a 
factor  of  throe.  The  improved  eye  relief  and  image  source /op tics  integration  achieve*  a  design,  that 
permits  the  optica  and  image  source  assembly,  to  be  detached  from  the  helmet  and  stowed  in  the  cockpit. 
Such  a  design  prevents  an  expensive  assembly  from  becoming  a  piece  of  personal  equipment  subject  to 
greater  abuse.  However,  this  capability  is  gained  at  the  expanse  of  increased  helmet  weight  end 
rotational  moments,  and  stray  light  problems  resulting  from  a  large  combiner/beaDspiitter  assembly 
located  a  relatively  large  distance  from  the  helmet.  Upward  vision,  in  particular,  is  greatly 
restricted,  to  prevent  severe  overhead  stray  light  problems. 
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The  Off-Aperture  shown  in  Figure  27,  depict*  yet  another  novel  optical  lyatea/he loet  design 

approach.  This  design  locates  the  CRT  imago  source*  vertically,  at  the  rear  of  the  helnot,  to  improve 
the  head/he tmee  CC  characteristics.  This  location  preeludes  a  rear  entry  design,  but  it*  lack  of 
direct  involvenent  with  the  stabilising  oxygen  mask  pernits  the  aaak  to  be  removable  when  the  helmet 
system  is  worn.  Tho  design  utilises  a  high  efficiency  refractive  optical  design  to  transport  the  CRT 
image  to  tbe  conbiner  mirror  viewing  surface.  This  poroits  achieving  image  source  transmission 
efficiencies  of  80  to  85  percent,  and  alto  allows  greater  ambient  transnission,  while  providing  good 
image  contrast.  Excellent  eye  relief  and  clearance  are  also  characterise  lea  of  Cbia  design.  However, 
system  weight  is  high,  si  though  use  of  plastic  optics  and  other  system  refinements  could  greatly 
improve  thia  condition. 


RELAY  OPTICS 


ricutc  27 

PROTOTYPE  CFP-AJ*£ttTUlLK  OPTICS /HKADCKAJt  BREAD  BO AEO 
I  HACK  SOURCE  DRIVE  ELECTRONICS 

Although  nonet i wo*  given  secondary  consideration,  the  image  source  or  CRT  drive  electronic*,  which 
controls  the  binocular  optics  CRTs  as  shown  in  Figure  l.  are  extremely  important  component*,  for  VPD 
HHO  applications.  Their  performance  is  a  fundamental  factor  in  Che  modulation  transfer  function  (MTF) 
that  the  CRT  can  attain.  1h«  drive  electronic*  also  control  nost  of  Che  important  factors  relating  to 
the  cuatooir at  ion/ integration  of  the  CRT  formats  with  respect  to  the  optical  design.  For  thl*  paper,  a 
relevant  discussion  of  design  issues  need  only  concern  itself  with  those  factors,  which  are  ericic.al  to 
the  proper  integration  of  the  CRT*  and  their  image  format*,  with  the  optica  and  headgear.  The  issues  of 
greatest  importance  are  felt  to  be: 

1)  CRT-to-optica  mapping  correction 

2)  Derotation 

))  Electronic  alignscnt 

A)  Other  CRT  X:Y  Deflection  issues 

S)  Power  Supply  performance 
CRT “TO “OPT ICS  HAP P INC  CORRECTION 

As  the  discussion  associated  with  Figure  17  ha*  alrosdy  explained,  the  F-tbcta  napped  optica 
produces  a  type  of  pincushion  distortion  which  oust  be  corrected  by  implementing  barrel  distortion  ol 
the  CRT  imago  forest.  As  mentioned  ia  (01, 02],  partially  overlapped  optica,  which  have  their  optical 
axes  turned  out,  can  also  produce  mild  perspective  distortion  which  is  trapezoidal  in  form. 

Ordinarily,  such  distortions  could  be  specified  by  the  optical  designer,  and  the  system  designer  could 
iosert  the  appropriate  corrections  using  a  truncated  polynomial  approximat ion  with  sufficient 
correction  terns  in  dedicated  correction  circuitry  associated  with  the  deflection  subsystem.  However, 
given  the  variation  experienced  between  individual  CRT  electron  optic*,  the  deflection  yoke,  and  the 
physical  slignncntof  the  deflection  yokes  with  the  electron  optica  during  tbe  manufacturing  process, 
those  ideal  conditions  cannot  be  obtained.  Therefore,  each  CRT  must  be  calibrated  for  the  particular 
HMD  dvsign,  and  the  correction  coefficients  recorded  and  entered  into  the  control  elcnenti  of  the  CRT 
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electronics.  Normally,  correction  terms  to  third  order  a re  sufficient,  which  is  fortunate,  since  each 
additional  order  ittplics  a  commensurate  increase  in  deflection  electronics  bandwidth  1 2  2  |«  The 
correction  teraa  most  often  used  are  listed  in  Table  6,  Tlteir  respective  effect*  on  the  CRT's  X  and  Y 
axis  can  be  found  in  reference  [07]. 


TABLE  6 

CRT  MAFFIKC  CORRECTION  TERMS 


X-AXIS  DEFLECTION 

Y-AXIS  DEFLECTION 

X2.  Y2.  XY2.  X2Y2.  X3.  Y3 

XY.  X2.  Y2,  X2Y,  X2Y2  X3.  Y3 

DENOTATION 

For  IIHO  applications  it  is  sometimes  desired  that  tile  display  format  be  toaintainod  at  the  proper 
orientation  with  respect  to  the  aircraft's  or  sitiuLacor ' a  roll  axis,  regardless  of  the  roil  orientation 
of  the  head,  and  therefore,  the  display  presentation.  Maintaining  the  proper  orientation  is  usually 
accomplished  through  tho  use  of  roll  sensing  provided  by  o  holnct  orientation/posi tinn  measurenent 
system  whoac  roll  Output  18  fed  directly  to  the  drive  electronics  or,  if  n  2  or  3-d i mens ional  graphics 
processor  is  being  used,  directly  to  that  subsystem.  As  Shawn  in  Figure  6,  for  a  partially  overlapped, 
binocular  system,  the  visual  center  of  the  optics  is  off  center  Iron  the  CRT,  and  the  deroiAtion  to  be 
performed  involves  both  a  translation  and  derotation  on  Ilia  CRT.  Particular  characteristics  are  aet  by 
the  VPi)  design  conditions.  This  correction  must  be  performed  at  the  field  rate,  at  which  the  display 
is  refreshed.  The  resolution  to  which  Chif  correction  oust  be  accomplished  has  already  been  discussed 
in  sufficient  detail  in  reference  l?2|.  Due  CO  noite  and  bandwidth  consideration#  in  the  display 
deflection  electronic's  subsystem,  and  system  implementation  issues  concerning  the  use  of  senior 
systems,  dr rotation  of  imagery  is  usually  performed  by  the  CRT  electronic*.  Drrotatian  of  vector 
graphic  symbology  is  host  accoTspliuhcd  at  its  source,  and  then  transmitted  in  corrected  fora  to  the  CRT 
drive  electronics. 

ELECTRONIC  AUCNNBHT 

As  previously  discussed,  some  electronic  alignment  must  be  performed,  to  correct  for  residual 
errors  in  the  alignment  of  the  optics  and  in  the  reproduce bla  character ist ics  of  individual  CRTs. 
Although  complex  alignment  patterns  have  been  employed  to  carefully  check  the  exact  horizontal/ 
vertical  alignment  of  partially  overlapped  binocular  displays,  the  simple  patterns  shown  in  Figure  28a 
and  78b  are  usually  sufficient*  The  pattern  shown  in  Figure  28a  has  been  recommended  in  the 
literature,  however  the  pattern  shown  in  Figure  28b  appears  to  produce  better  results,  because  there 
are  no  identical  structures  presented  to  both  eyes  which  the  eyes  might  attempt  to  converge  to 
identical  retinal  correspondence  points.  In  addition,  the  pattern  shown  in  26b  provides  exact  endpoint 
natch  capability,  not  provided  by  sone  of  the  open  reticle  patterns,  which  provide  only  horizontal 
lines  to  one  eye  and  vertical  lines  to  Che  ocher.  Also,  results  obtained  «:  AAHRL  show  (list  these 
patterns  must  be  flashed  in  order  to  prevent  improper  convergence  of  the  display.  A  duty  cycle  pattern 
that  soeas  to  work  well  is  to  repetitively  flash  the  patterns  on  for  about  75  milliseconds,  followed  by 
a  100  to  125  millisecond  dark  period. 

OTHER  CRT  OF.  ELECT  I  OH  ISSUES 

In  addition  to  issues  relating  to  CRT  X:Y  deflection  quality,  a  number  of  oLher  issues  are 
deserving  of  some  discussion.  Due  to  the  high  resolution  magnified  CRT  format  imposed  by  the  VPO  FOV 
conditions,  where  the  sane  image  point  is  transmitted  to  each  eye  through  different  portions  of  n 
partially  overlapped  optical  system,  on-axis  deflection  linearity  is  critical.  Linearity  is  usually 
specified  to  be  in  the  range  of  0.5  to  0.25  percent.  To  achieve  such  linearity  with  nioiature  CRTs,  a 
class-A  linear  deflection  amplifier  design  is  normally  required.  Class  A  amplifiers  cause  heat 
dissipation  to  become  aa  important  design  issue.  V70  CAT  design  which  stresses  higher  acceleration 
potentials  and,  therefore,  stiffer  c-bcaios,  exacerbates  this  problem.  To  support  this  performance,  low 
capacitance  cabling  and  low  inductenco/capacitance,  high  current  deflection  yokes  using  only  ferrite 
cores  are  employed.  These  requirements,  coupled  with  the  desire  to  achieve  small  dimensional  sixes  for 
the  electronics,  often  requires  the  uae  of  conduct ivo  liquid  cooling,  rather  than  convective  air 
cooling  for  the  CRT  electronics. 

Also,  an  can  be  observed  fron  Figure  b,  Lhe  CRT  il  ovorscanned  in  the  horizontal  direction  to  (1) 
obtain  the  largest  format  possible  for  the  normal  4:3  aspect  ratio,  and  to  (2)  esse  the  optical  design 
problem.  To  prevent  damage  at  the  edge  of  the  CRT  caused  by  electron  beam  heating,  the  beam  must  be 
blanked  (turned  off)  autonarical ly  at  a  given  radial  distance,  using  an  operating  made  normally 
referred  to  as  "circular  blanking".  The  extinction  oi  the  e-beam  is  controlled  by  the  magnitude 
(|X«Y|)  of  its  radial  distance  from  the  deflection  center  of  the  CRT,  based  upon  CRT  quality  area  sice 
and  any  additional  deflection  correction  control  that  is  active.  There  arc  several  methods  coploycd  to 
Accomplish  circular  blanking,  however,  methods  that  eoploy  slow  square  root  circuitry  arc  to  be 
avoided. 
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POWER  SUPPLY  PERFORMANCE 

The  HMD  optic*  magnify  the  CHf  faceplate  imagery,  fro*  8  to  IV  timer*  then  ol  the  original  imagery. 
Magnifications  of  thia  order  aro  cuff i riant  tn  make  electron  b**n  spot  noil**,  ranter  line  jitter  and 
drive  electronics  power  supply  noise  both  noticeable  and  objectionable.  This  calces  power  supply  noise 
ao<J  regulation  spec i ficat ions  vary  important. 

The  interaction  of  the  CRT  drive  electronic1*  power  supply  noito  And  ripple  with  the  display 
imagery,  can  produce  complex  effects*  These  .artifacts  produce  movement  of  the  display  imagery  visible 
to  the  hunan  operator,  depend  tag  upon  their  frequency  and  amplitude  as  a  function  of  angular  subtense 
on  the  display.  This  it  particularly  true  for  military  power  supplies,  that  utilixn  high  frequency 
switching  designs.  As  an  exanple,  consider  Lhe  implementation  of  a  1225  line,  2:1  interlace  scan 
fur  cat  on  an  1HD  with  a  50  degree  horizontal  >‘OV.  Hie  scan  lino  "on  time*1  for  a  1225  lino  rate  is 
jppeoxi mate  1 y  23.8  ixtcrouccondi,  which  implies  that  one  degree  on  the  display  equals  about  0.5 
rticr»TAccoud*.  Since  vi*ual  contrast  sensitivity  p*aks  at  about  3  to  ••  cycles  per  degree,  a  switching 
power  supply  with  n  ripple  frequency  of  b  to  8  ucfcnhorit  has  a  switching  frequency  that  could  cause 
cyclical  patterns  where  the  eye  is  nost  sensitive.  Alternately,  a  switching  supply  operating  at  500 
*ci Inheres,  nay  he  sufficiently  raaoved,  if  ripply  amplitude  *•  low  enough,  to  moderate  #uch  effects. 
The  point  here  is  that  interactions  of  this  type  should  be  thoroughly  investigated  for  all  anticipated 
operating  conditions. 

The  ability  to  obtain  the  needed  performance  is,  in  turn,  dependent  upon  Che  ipeci ficat ton  of  n 
reasonable  set  ol  CRT  voltages,  adjustment  ranges  for  those  voltages,  and  the  aaxiroua  operating 
currents  that  arc  allowed,  I’abln  7  provides  a  sot  of  speci  f  i  cations  for  the  latfft  CHT  design*  Chat 
provide  operating  icargias  which  pernit  nininal  power  supply  noise  mid  regulation  requirements  to  be 
met. 


TABLE  7 

CRT  DRIVE  ELECTRONICS  POWER  SUPPLY  REQUIREMENTS  FOR  IXTJIOVED  STD  B l POTENTIAL  CUN  CRT 


PARAMETER 

VOLTAGE  CURRENT 

VOLTS  “  “j“MlCROAMPS 

RIPPLE 
AND  NOISE 

REGULATION 

MIN 

MAX 

MIN 

MAX 

ANODE i SCREEN) 

10.000 

13.500 

DO 

300 

<0.05  V. 

<0.5% 

C3  (FOCUS) 

1.000 

3.000 

0.0 

1.000 

<005% 

*0.1% 

Gj,  (ACCELERATOR) 

5C0 

1.500 

0.0 

100 

<  a. c«v. 

<o.i  r. 
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